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ABSTRACT

Early-life nutrition and management practices of dairy replacement calves are recognised as
factors influencing growth, development, and first lactation performance and milk composition
as a heifer or cow. In New Zealand’s predominantly pasture-based dairy systems, there remains
limited knowledge of how pre- and post-weaning nutritional and grazing management strategies
affect lifetime milk yield, milk quality, and udder health. The present study was conducted to
evaluate the effects of various pre- and post-weaning nutritional and grazing management
strategies on lifetime milk production, milk composition, and somatic cell score (SCS) of dairy
cows in a once-a-day milking system, while also considering breed and seasonal variations in

lactation.

The study was conducted using two cohorts of dairy heifer calves born in 2014 (n = 54) and 2015
(n=50) in a New Zealand pasture-based dairy farm. The 2014-born calves received either a high
milk allowance: 3L of milk fed twice daily for one week, followed by 4L per feed, twice daily
until weaning; or a low milk allowance: 2 L of milk fed twice daily until weaning. After weaning
the calves from each milk allowance were grazed on either perennial ryegrass (Lolium perenne
L.) and white clover (Trifolium repens L.) pasture or a forage crop of chicory (Cichorium intybus
L.) and plantain (Plantago lanceolata L.). This created four treatment groups: High Milk—Pasture
(HMPA), High Milk—Crop (HMCR), Low Milk—Pasture (LMPA), and Low Milk—Crop (LMCR).
The 2015-born calves were managed under different pre-weaning grazing systems, receiving the
same amount of milk, but were on pasture prior to weaning, either under rotational grazing (RG)
or set stocking (SS), and a third group had a post-weaning grazing treatment of preferential
grazing (PG), which had high-quality pasture supplemented with concentrate feed. Milk
production (kg), milk composition yield (fat, protein, milksolids), and milk components
percentages and somatic cell score (SCS) were measured across multiple lactations (2016/17—
2023/24 for the 2014 -born calves and 2017/18-2023/24 for the 2015-born calves). The breed of
the calves used for this study was Holstein-Friesian (HF), Jersey (JE), and Crossbred (XB, i.e.,
HFxJE).

The 2014-born heifers receiving a high milk allowance and grazed on pasture post-weaning had

greater lifetime milk yield (kg) (P < 0.05) compared with the low milk—forage crop treatments.



For the 2015-born calves, preferential post-weaning grazing resulted in greater lifetime milk
yield (kg) (P < 0.05) compared with pre-weaning, rotational, and set stocking grazing strategies,
while milk component yields (kg) and composition percentages did not differ between treatments
in both cohorts.

In both cohorts, composition yield (kg) and percentages peaked during mid-lactation (4th to 6th
lactation). Holstein-Friesians produced higher milk volumes, Jerseys higher milk fat
concentrations, and crossbreds demonstrated intermediate milk yields but greater fat and protein
composition, likely due to heterosis. When compared to literature, somatic cell scores (SCS)
were moderately increased, likely due to the once-a-day milking system in this study, but
remained within healthy and acceptable ranges throughout the lactation seasons considered,

indicating udder health was not impacted by early-life management.

Overall, early-life nutritional and grazing management strategies of calves have a considerable
influence on lifetime milk yield (kg) and a consistent effect on milk components when the calves
become heifers and cows in New Zealand pasture-based dairy systems. Breed and lactation

season were also shown to be stronger drivers for lactation performance.

Key words: Dairy calves, grazing management, pasture-based dairy, pre- and post-weaning,

lifetime milk yield
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CHAPTER 1: INTRODUCTION

Dairy farming is a cornerstone of New Zealand’s agricultural sector and contributes substantially
to the national economy through the export of milk and dairy products (DairyNZ, 2023a;
Mounsey, 2015). Most New Zealand dairy farms operate pasture-based systems, relying
primarily on perennial ryegrass (Lolium perenne L.) and white clover (Trifolium repens L.) to
support seasonal calving and cost-efficient milk production (Auldist et al., 1997; Chapman et al.,
2025; DairyNZ, 2024; Thompson et al., 2018). Within these systems, effective nutritional
management throughout all stages of animal development is essential to maintain productivity,
animal welfare, and farm profitability (Cahill et al., 2023; DairyNZ, 2023a; Lopez-Villalobos et
al., 2021). Replacement heifer calves are a critical component of dairy systems, as growth and
management during the pre- and post-weaning periods are associated with subsequent milk yield,
aspects of milk composition, and survival to and within the milking herd (e.g., Cuttance et al.,
2017a; Khan et al., 2022; Van Amburgh et al., 2014).

Early-life nutrition and grazing management have lasting effects on growth rate, mammary
development, and lactation performance as dairy heifers (Piantoni et al., 2012; Soberon & Van
Amburgh, 2017). Higher milk allowances during the pre-weaning period (i.e., from birth until
weaning) are associated with increased average daily gain, improved immune development,
earlier puberty, and greater first-lactation milk yield (Khan et al., 2011a; Soberon & Van
Amburgh, 2013). Post-weaning management, including grazing system, pasture quality, and
forage type, further influences heifer growth and nutrient partitioning, with potential implications
for later milk production (Cuttance et al., 2017a; Russo et al., 2018; Ullah, 2017).

In New Zealand, perennial ryegrass and white clover pastures remain the primary feed source,
providing high-quality herbage during moderate growing seasons (spring and autumn) that
supports appropriate liveweight gain when well managed (Mangwe et al., 2019). Alternative
forage crops such as chicory (Cichorium intybus L.) and plantain (Plantago lanceolata L.) offer
higher nutritive value and improved seasonal feed supply compared with ryegrass—clover
pastures alone and may enhance heifer growth when incorporated into grazing systems (De
Clifford, 2015; Doole & Romera, 2013; Mangwe et al., 2024). Grazing management also shows
an important role, with rotational grazing generally improving pasture utilisation, regrowth, and



parasite control compared with set stocking (Back et al., 2016; Rivero et al., 2024). There is
extensive research on short-term outcomes, as most studies focus on first-lactation performance,
with limited evaluation of how early-life nutrition and grazing strategies influence a cow’s
lifetime milk production and its milk composition under New Zealand’s pasture-based

conditions.

The objective of this thesis was to assess the lifetime milk production of dairy cows that received
different pre-weaning and post-weaning nutritional and grazing management strategies as calves.
Two calf cohorts (2014-born and 2015-born calves) were evaluated to determine how variations
in milk allowance, grazing system, forage type, and post-weaning supplementation influenced
lifetime milk yield, milk composition (fat, protein, and milksolids), and somatic cell count
(SCC). The effects of breed (Holstein-Friesian, Jersey, and Crossbred) and lactation season were
also examined. By linking early-life management practices with performance across multiple
lactations, this study addresses a research gap in the understanding of long-term productivity

outcomes of dairy calves in New Zealand pasture-based rearing systems.



CHAPTER 2: LITERATURE REVIEW

2.1 Calf rearing system in the New Zealand dairy industry

In New Zealand, more than 90% of farms are dominated by pasture-based, spring-calving
systems (DairyNZ, 2024). Pasture growth in temperate climates provides a cost-effective and
environmentally friendly feed source (Johnson et al., 2018). However, climate, soil type, plant
species, fertilizer use, and grazing management all can affect the availability and quality of
pasture and result in seasonality of production in New Zealand, which can influence how calves
are raised (Tait et al., 2005).

2.1.1 Replacement dairy calf management in New Zealand

In New Zealand’s predominantly pasture-based dairy industry, calf rearing practices are closely
related to the country’s seasonal and climatic conditions. In seasonal pasture-based dairy calf
rearing, calves are born outdoors and are with their dams for about 24 hours before going to
indoor rearing facilities (Cuttance et al. 2017b; Neave et al., 2022). Calves are kept in groups
indoors and fed with sufficient colostrum to ensure the development of high immunity calves,
followed by milk replacer or bulk vat milk (Armengol & Fraile, 2020; McFarland et al., 2024).
Following weaning, outdoor calf rearing presents unique challenges due to the strong
dependence on pasture as the main feed source. For example, in a dry summer season, pasture
availability and quality can be low, which influences feed availability for the calf (Roche et al.,
2009) and therefore its growth.

2.1.2 Pre-weaning period for the dairy replacement calf

2.1.2.1 Indoor rearing

Indoor calf feeding systems in New Zealand typically house calves in groups and provide
nutrition mainly as restricted amounts of milk or milk replacer, with ad libitum access to clean
water, concentrate meal (starter), and often a fibre source such as hay or straw (Thompson et al.,
2018). This treatment approach supports early rumen development and allows calves to achieve

liveweight targets that underpin heifer performance later in life (Roche et al., 2015).



In New Zealand systems, current recommendations are that pre-weaning calves receive up to
about 20% of their bodyweight per day as milk or milk replacer, which equates to approximately
6-10 L/day depending on calf breed and size (NZAgbiz, 2023). This higher milk allowance
supports greater average daily gain but must be balanced with strategies that also promote starter
intake (i.e., intake of solid concentrate feed formulated for young calves, typically comprising
highly digestible grains and protein sources) to avoid delaying rumen development and to ensure

a smooth transition at weaning (Diao et al., 2019; Klopp et al., 2019).

Under indoor rearing, a palatable concentrate or grain-based starter (i.e., meal diet) is generally
introduced from around one week of age, alongside a good quality forage such as chopped hay or
silage (Mulliniks et al., 2015), to stimulate rumen papillae development via volatile fatty acid
production and to contribute nutrients for growth (Khan et al., 2011a; NZAgbiz, 2023). Solid
feed is recommended to be offered from week one of age, irrespective of whether calves are on
high or moderate milk allowances, although the NZAgbiz (2023) calf rearing guide notes that
meal is particularly important where lower milk systems (for example, around 10% of
bodyweight) are used or where pasture access is limited.

There is a well-described interaction between milk allowance and starter intake: when milk
supply is restricted, calves will generally compensate by consuming more meal, which can
enhance rumen development but may limit early growth if total nutrient supply is inadequate
(Groenendijk et al., 2020). Conversely, higher milk allowances support faster pre-weaning
growth but can depress starter intake unless weaning is managed gradually (Khan et al., 2011b).
Cardoso et al. (2015) reported that, by weaning, calves should already be consuming at least 1 kg
of solid feed (meal and/or pasture) daily and reaching weight-for-age targets of approximately

100 kg for Holstein-Friesian, 90 kg for crossbred, and 80 kg for Jersey calves.

In practice, New Zealand dairy farmers commonly provide meal or pellets to calves raised
indoors or in specialist rearing units, often from the time of arrival, with roughage such as hay or
straw freely available, which enables earlier weaning at around 6—7 weeks of age without
compromising growth (Thompson et al. 2018). This fits with industry guidelines that emphasise
concurrent provision of milk, starter, and water to maximise both pre-weaning performance and
post-weaning resilience in pasture-based replacement systems (Groenendijk et al., 2020; Muir et
al., 2002).



2.2 Pre-weaning nutrition management

In New Zealand’s pasture-based calf-rearing systems, the primary objective is to rear well-grown
replacement animals to maximise reproductive outcomes. Consequently, milk feeding represents
a critical component of pre-weaning nutritional management and has a significant influence on
calf growth, health, and long-term productivity (Alugongo et al., 2022; Miller-Cushon et al.,
2013).

Following the provision of adequate colostrum to ensure passive transfer of immunity (Fischer et
al., 2019), calves are commonly fed either milk replacer or whole milk sourced from the vat
(bulk milk), depending on farm management practices, cost considerations, and availability
(DairyNZ, 2020; Moallem et al., 2010). Both feeding strategies are widely used within New
Zealand calf-rearing systems and can support satisfactory growth when nutritional requirements

are met.

In the New Zealand pasture-based calf rearing system, the replacement dairy calf’s pre-weaning
nutrition management is considered an important factor to achieve better lifetime milk yield
performance (Back et al., 2016; Groenendijk et al., 2020). This is supported by several
international studies, which have shown that early-life calf management is a key determinant of
subsequent lactation performance in dairy cows (Dias et al., 2019; McFarland, 2024). During the
first eight weeks of life, nutrition management and growth rate are vital (Roche et al., 2015) as
early-life metabolic activities can have a lasting effect on milk productivity (Doran et al., 2022).
High pre-weaning growth rates in calves can be achieved when they are provided with higher
milk allowances (Wu et al., 2021). Calves with greater pre-weaning growth were found to
produce more than 5,000 kg of additional milk by their third lactation (Soberon, 2012).
Providing access to commercial calf concentrate up to 3 kg per day helps promote rumen
development (Ockenden et al., 2025).

2.2.1 Impact of milk volume on pre-weaning ADG and body weight of heifer calves

The amount of milk offered to calves, whether low or high, plays a vital role in determining their
growth rate and live weight targets for future milk production potential (Back et al. 2017;
Jongman et al., 2020). To support to that statement, several New Zealand and international

studies have also examined how milk feeding strategies and growth rates affect calf
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development. In New Zealand study, Cardoso et al. (2015) reported that, heifer calves received
either a low milk allowance (2L/day in two feeds) or a high milk allowance (up to 4 L/day in two
feeds), along with ad libitum access to meal and pasture, and found calves fed the higher milk
volume compare to lower milk volume, consumed more milk energy (3269 MJ vs. 2198 MJ) and
demonstrated a minor increase of pre-weaning growth rate (0.78 kg/day vs. 0.72 kg/day) and

weaning to a threshold liveweight occurred in fewer days despite lower solid feed intake.

According to Conneely et al. (2014b), calves can reach their desired body weight for weaning
faster if they are fed milk at 15% of their body weight compared to the calves supplied with 10%
body weight. Similarly, Ivemeyer et al. (2022) and Jafari et al. (2021) observed that calves
supplied with a higher milk allowance had a greater average daily gain, resulting in higher body
weight at weaning. Ockenden et al. (2023) reported that calves fed a high milk allowance (8L)
had a greater growth rate and body weights compared with the low milk allowance (4L) up to 10

weeks of age (Figure 2-1).
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Figure 2-1 Changes in body weight (kg) of calves with age (weeks) under two milk allowances:
4 L/day (Low) and 8 L/day (High). Asterisks (*) denote weeks where treatments differed
significantly (p < 0.05). Vertical bars show the least significant difference (LSD) (Ockenden et
al., 2023).

In contrast, Conneely et al. (2014a) reported that calves in a high milk treatment (8L) ingested
more milk and had a greater metabolisable energy intake than calves in the low milk (4L)
treatment, but there was no difference in ADG or weaning weight of the calves. However, they

indicated that calves in high milk treatment reached the weaning target live weight at six days
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before the calves treated with low milk treatments. Further, research findings show that high
milk volumes might reduce solid feed intake and delay rumen development, which have been
addressed by recent research findings as effective feeding strategies to mitigate these effects. For
example, gradual weaning protocols and adjustment of feeding frequency allow calves to
transition smoothly from liquid to solid feeds, supporting optimal rumen microbial colonisation
and epithelial development (Palczynski et al., 2020). High milk allowances combined with
appropriate introduction of solid starter feed promote better pre-weaning growth without

compromising rumen health (NRC, 2001).

Similarly, Cardoso et al. (2015) findings reveal that high milk allowance to heifer calves reduces

age at weaning but has no discernible effect on ADG (Table 2.1).

Table 2.1 Least squares means (x SEM) of birth weight, weaning weight, average daily gain
(ADG) from birth to weaning, milk intake, total milk metabolisable energy intake, and days to
weaning in Friesian, Jersey, and crossbred heifer calves offered either a low (2 L/day) or high (4
L/day) milk allowance (Cardoso et al., 2015).

Variable Low High Significance
Allowance Allowance (P-value)
(2L) (4L)

Birth weight (kg) 30.4+£0.9 31.9+£0.9 NS

Weaning weight (kg) 95.6+1.3 96.7+1.3 NS

ADG (kg/day) 0.72+0.02 0.78+£0.02 0.06

Milk consumed (L) 366 = 10 531+10 0.001

Total milk energy intake (MJ) 2198 + 63 3269 + 64 0.001

Days to weaning 90.6+1.7 848+ 1.8 0.05

Soberon et al. (2012a) indicated that feeding calves more milk improves growth, especially
ADG, with the greatest results seen when a gradual slow-down weaning method is used from
birth to weaning. Although higher milk levels can marginally reduce some digestibility
procedures, they do not hinder rumen development when calves also receive solid feed
(Palczynski et al., 2020; Xiao et al., 2025a). Further research also emphasises that good weaning
practices and consistent access to starter feed help calves transition smoothly and fully benefit
from higher milk allowances (Diao et al., 2019; Khan et al., 2011a).



2.2.2 Different grazing strategies for heifer calf performance

2.2.2.1 Rotational grazing and set stocking

In New Zealand dairy farming, pasture-based systems are dominated by perennial ryegrass
(Lolium perenne L.) and white clover (Trifolium repens L.), managed primarily under two

grazing systems: rotational grazing and set stocking (Box et al., 2016).

The rotational grazing system used either before or after weaning for dairy calves is a managed
pasture approach in which young calves are systematically moved through a series of smaller,
fenced paddocks for grazing. Each paddock is grazed for a defined period before the animals are
moved to the next, and the previously grazed paddocks are given a planned rest period to allow
pasture recovery before re-grazing. The timing and frequency of moves are based on forage
growth, pasture quality, and the nutritional and health needs of the calves. This intentional
rotation helps maintain high-quality forage, improves pasture regrowth, and can reduce parasite
exposure important for calf health and growth prior to weaning (DairyNZ, 2020; Fox et al.,
2013).

Nuthall (2012) reported that rotational grazing is the most common grazing management system
in New Zealand, because it allows pasture to recover and regrow between grazing intervals,
maintaining a leafier, more nutritious sward and improving overall pasture utilisation by 80-90%
compared to 40-70% under continuous grazing (set stocking). It helps to maintain high feed
quality and consistency by regularly moving livestock, avoiding selective overgrazing of ideal
patches and contamination from feces accumulation in paddocks (Kumara et al., 2022; Nuthall,
2012). Nuthall (2012) noted that rotational grazing can also reduce parasite burdens by breaking
parasite cycles through pasture rest, benefiting heifers’ health and performance. Cardoso et al.
(2015) and Holmes and Roche (2007) similarly emphasised frequent pasture transitions (i.e.,
moving calves onto fresh pasture allocations or new grazing areas every two to three days) to

maximise pasture intake and reduce reliance on milk and meal supplements.

The set stocking system, also referred to as continuous grazing management for pre-weaning
dairy calves, remains on one fixed pasture area for an extended period during the pre-weaning

stage, with unrestricted access to that paddock throughout the grazing season (Fajardo et al.,



2025). There is no planned rotation between different grazing units, and pasture rest does not

occur systematically (Rivero et al., 2024).

Rivero et al. (2024) noted that set stocking (SS), where animals remain in the same paddock for
long periods, often causes pasture patchiness and uneven grazing pressure, reducing both
regrowth potential and utilisation efficiency. Macdonald and Roche (2024) further explained that
this uneven grazing causes overuse of preferred species, poor use of less palatable areas, and a
build-up of fecal contamination, all of which lower pasture quality and increase parasite
exposure. Similarly, Fox et al. (2013) reported that although set stocking is simpler and requires
less labour, contaminated areas can elevate parasite burdens and negatively affect animal health.
Back et al. (2016) indicated that, although SS led to pasture patchiness and fecal contamination
accumulation over two weeks, pasture mass never fell below 2000 kg DM/ha, adequately

meeting calves' nutritional needs.

Many farms adopt a hybrid approach, using set stocking system during critical, low-movement
periods such as early life stages or calving, then switching to rotational grazing to optimise

pasture recovery and animal performance later (Farrell et al., 2024; McDowell et al., 2022).

Farm-specific factors, including infrastructure, labor availability, and pasture conditions, often
depend on the combination of these grazing strategies, without compromising calf growth
performance (Back et al., 2016; DairyNZ, 2020). Because of these combined effects, well-
managed grazing strategies also support long-term milk productivity once the heifers enter the
milking herd (Macdonald & Roche, 2024).

However, Back et al. (2016) indicated that grazing management had no effect on birth weight,
weaning weight, ADG, or days to weaning, indicating that well-managed set stocking can
perform similarly to rotational grazing for calf growth among HF, JE, and HF x JE cross breeds
(Table 2.2).



Table 2.2 Birth weight, weaning weight, days to weaning, and average daily gain (ADG) (mean
+ SEM) of calves managed under set stocking or rotational grazing systems and according to
breed (Friesian, Jersey, and Friesian x Jersey cross) (Back et al., 2016).

Factor Birth weight Weaning weight Days to weaning ADG

(kg) (kg) (kg/day)
Treatment!
SS (set-stocked) 31.32 +0.236 102.97 £ 1.65 91.7+2.03 0.75+0.032
RG (rotationally grazed) 31.60 +0.239 101.63 £ 1.68 91.2 + 2.06 0.75£0.033
Breed?
HF (Friesian) 36.25+0.314 110.23+2.24 89.5+2.76 0.81+£0.044
JE (Jersey) 26.82 + 0.347 91.75+ 2.46 91.9+3.04 0.66 = 0.047
HF x JE cross 31.33 £ 0.225 104.92 £ 1.54 92.8+1.90 0.78 £0.030

SS = set stocking, RG = rotational grazing HF=Friesian, JE=Jersey, HFXJE = Friesian-Jersey
crossbred ¢ rows with different letters denote significant differences.

2.2.3 Impact of other different diet for calf development in the pre-weaning stage

2.2.3.1 Effect of forage feeding

Pre-weaning nutrition for calves is important for healthy growth, successful transition to
weaning, and long-term productivity in the dairy industry (Barry et al., 2020). In New Zealand,
the pasture-based calf rearing system, despite the pre weaning milk allowance, it is important to
supply calf starter feeds to better prepare calves for pasture-dominant diets after weaning but the
further inclusion of a forage source has added benefit (Langworthy et al., 2023). Several studies
highlight the positive impact of forage feeding on solid-feed intake and early growth. As an
example, Ullah (2017) and Wilkinson et al. (2020) demonstrated that calves receiving starter
feed supplemented with moist alfalfa hay or pasture hay consumed more solid feed than calves
fed starter alone. Furthermore, this improvement supported higher pre-weaning ADG and greater

body weight at weaning, indicating the importance of enhanced early nutrition (Ullah, 2017).

Forage feeding before weaning is important for rumen development of calves. Xiao et al. (2020)
indicated that early provision of forage stimulates chewing activity and saliva production,
buffering rumen pH and raising a stable ruminal environment, and forage feeding at pre-weaning
enhances rumen papillae growth, muscular development, and the establishment of a diverse
microbiome, all of which contribute to an increased absorptive surface area and more efficient
fermentation. Van Amburgh and Tikofsky (2001) and Xiao et al. (2023) reported that improved
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rumen development and accelerated early growth have been associated with enhanced

reproductive performance, earlier puberty, and increased milk production in first lactation.

Previous research findings further indicate that forage helps prevent excessive volatile fatty acid
(VFA) accumulation, supporting optimal rumen pH (Petersen et al., 2011). However, Xiao et al.
(2025b) noted that the importance of forage type and physical form, chopped pasture hay (1-3
cm), alfalfa, or loose hay offered separately from starter feed, improves intake and rumination
(Igbal et al., 2023) more effectively than finely ground or fully mixed diets (Shingfield et al.,
2002). These findings align with Takemura et al. (2019), who showed that forage inclusion
during the pre-weaning period supports balanced rumen fermentation and prepares calves for

New Zealand’s pasture-based systems.

In addition to physiological benefits, forage supplement at the pre weaning stage is supported for
positive behavioral outcomes. Offering hay from the first or second week of life increases time
spent eating and ruminating, enhances rumen development, and supports greater overall growth
(Xiao et al., 2023). Downey et al. (2022) reported that provision of ad libitum hay from birth has
also been linked to reducing abnormal oral behaviors and improved welfare, indicating lower
digestive and management-related stress. Back et al. (2016) and DairyNZ (2020) recommends
that adequate trough space, clean feed access, and provision of both roughage and concentrates
can support healthy feeding behavior. These recommendations also emphasise delaying weaning
until calves reach appropriate body weights and solid-feed intakes, typically 70 kg for lighter
breeds and 80-90 kg for larger-framed calves (DairyNZ, 2023b).

Overall, these findings indicate that pre-weaning forage feeding supports improved feed intake,
rumen development, growth, and welfare, while also contributing to enhanced reproductive
outcomes and lifetime milk production. Therefore, within New Zealand’s pasture-based systems,
early forage provision appears particularly valuable in preparing calves for post-weaning diets

and supporting their long-term productivity potential.

2.2.3.2 Effect of concentrate and silage-based diet

The daily concentrate intakes of calves have been revealed to depend on the volume of milk
feeding. The low and high-milk-fed calves from four weeks of age have been proven to differ

during the pre-weaning phase. Cardoso et al. (2015) found that heifer calves fed a high milk
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allowance (up to 4 L/day) in a New Zealand trial consumed less feed (despite ad libitum access)
compared to those on a low allowance (2 L/day), while achieving comparable weaning weights
in fewer days. Low-milk-fed heifers had roughly double the calf meal (concentrate pellets) intake
(57 kg DM) throughout the pre-weaning phase compared to high-milk-fed heifers (29 kg DM)
(Cardoso et al., 2015). Rosenberger et al. (2017) also reported that low milk-treated calves
consumed more meal (commercial concentrate pellets; approximately 24.1 kg/calf) than those
treated with a high milk diet (16.4 kg/calf).

Therefore, Ockenden et al. (2023) indicated that while calves on the high milk treatment
consumed less solid feed (calf starter concentrates, e.g., commercial pellets or grains) because
they were more dependent on milk, calves on the low milk treatment began concentrate
consumption and hay in an earlier stage of age and in marginally higher amounts as they grew
(Figure 2-2). Therefore, calves treated with restricted milk consume a greater amount of
concentrate pellets to compensate for the nutrient lack of limited milk supply (Jasper & Weary,
2002). However, calf performance is not determined solely by total crude protein (CP) intake,
but also by the balance between milk, concentrate, and fibre sources. Milk provides highly
digestible protein and energy that support early growth, whereas starter concentrates promote
rumen microbial development, and fibre sources (e.g., hay or pasture) are important for rumen
function and physical development (Soberon et al. 2012b). Therefore, achieving an appropriate
combination of milk feeding and solid feed intake is critical to optimise both nutrient supply and

rumen development during the pre-weaning period.

Their combined total CP intake for the pre-weaning phase has been revealed to be closer to that
of the high milk-fed calves (Margerison et al., 2013; Ockenden et al., 2025). Also, these findings
indicated that as milk consumption decreased, the low milk group's higher intake of concentrate
(commercial calf starter pellets) and hay (lucerne or grass roughage) likely supported a steadier
increase in ADG with age after milk intake declined (Cardoso et al., 2015) influencing first-
lactation yields by up to 155 kg milk of ADG per 0.1 kg/day increase (Jiang et al., 2025).
However, Borderas et al. (2009) and Khan et al. (2011a) reported that low milk feeding with
concentrate supplement did not fully achieve as high milk-treated cows’ body weight gain and
productivity.
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Figure 2-2 Changes in average daily concentrate and hay dry matter intake (kg DM/calf/day)
with age (weeks) in calves fed 4 L/day (Low) or 8 L/day (High) of milk (Ockenden et al., 2023).

Ockenden et al. (2023) indicated that daily intake of concentrates and hay (kg DM/calf/day)
increased with age at a greater rate in calves offered low- (4L) versus high-milk (8L) allowances
over the pre-weaning period (Figure 2- 2). Cardoso et al. (2015) observed that calves fed high
milk volumes (4L) did not start consuming concentrate until around three weeks of age, whereas
calves on the low milk allowance (2L) began eating concentrate during their first week of life.

The calves' dry matter intake (DMI) can depend on the volume of milk and the amount of silage
intake. As an example, heifers subjected to the low pre-weaning treatment groups (4L milk/day)
have consumed an average of 1.7 kg of DM concentrate per calf per day, whereas the high
treatment groups have consumed 1.4 kg of DM concentrate/ calf/ day, indicating that it is a
smaller amount compared with the high milk allocated group (Ockenden et al., 2023). Calves fed
a silage-based mixed ration tend to eat less DM during weaning compared to calves that are fed
starter concentrate, a combination of concentrate and chopped hay, or concentrate and hay fed
separately (Costigan et al., 2025; NRC, 2001). Because silage has a high moisture content, calves
consuming silage-based diets often show lower daily weight gains than those fed drier diets
(Dewhurst et al., 2003a; Huhtanen et al., 2003). Therefore, during weaning time, calves fed with
high DM containing diets, which contain low amounts of moisture and high amounts of fibre, are
beneficial in developing ruminant performance (D'Souza, 2022; Overvest et al., 2016).
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2.3 Transition from milk to pasture and post-weaning outdoor rearing

Outdoor calf management after weaning focuses on helping calves transition smoothly from milk
feeding to a full pasture-based diet while maintaining health, growth, and resilience (Verdon,
2021).

It is recommended that for at least two weeks after weaning, calves should continue receiving a
high-quality, palatable calf meal or pelleted feed alongside good pasture. This supports rumen
development and prevents growth disruptions as the digestive system adapts to a pasture-only
diet (Lin et al., 2018; Moran, 2002). Haley et al. (2005) indicated that meal feeding should be
gradually reduced over about two weeks to allow a smooth transition without digestive distress
or weight loss.

The transition from milk to pasture-based diets is a critical stage in calf rearing as a post-weaning
nutritional management practice. In New Zealand, the average age for weaning of the dairy

replacement calf is 9.7 weeks, varying from 3 to 24 weeks (Thompson et al., 2018).

Generally, a step-down type method is used for weaning where milk allowance is progressively
decreased (Khan et al., 2011b). However, this weaning process is practiced in different ways
among farmers. For instance, a survey of Thompson et al. (2018) reported that 46% of farmers
followed a traditional dairy system, keeping calves outside from 21 days of age, received a total
of 183 L of milk over the pre-weaning period, and were weaned at 56 days. In this system, calves
are introduced to pasture based on shed space and weather conditions. The remaining 54% of
farmers kept their calves outside from 36 days of age, provided a total of 131 L of milk, and
weaned them earlier, at 43 days. In this case, the timing of pasture introduction was influenced

primarily by the calf’s weight and age.

Therefore, the survey by Thompson et al. (2018) highlights substantial variation in calf rearing
and weaning practices among New Zealand dairy farmers, including differences in milk
allocation, age at weaning, and timing of pasture introduction. However, as the study was
descriptive in nature, it does not allow conclusions to be drawn regarding which system results in

superior calf growth or subsequent performance.
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2.4 Post-weaning nutritional management

2.4.1 Ryegrass—white clover and forage herbs on heifer performance

In New Zealand pasture-based dairy systems, perennial ryegrass and white clover are the primary
forage for post-weaning heifers because it provides high metabolisable energy and crude protein
to support steady liveweight gain. White clover increases pasture nutritive value and intake
through biological nitrogen fixation, which can enhance the growth of young cattle when clover
content is well maintained (Holmes & Roche, 2007).

The inclusion of forage herbs such as chicory and plantain in post-weaning diets has been shown
to maintain or improve growth performance while improving nitrogen utilization (Minneé et al.,
2012). Chicory is characterised by high digestibility, high mineral content, and rapid rumen
passage rate, which supports high intake and liveweight gain in growing cattle (Mangwe, 2020;
Waugh et al., 1998). Although much of the evidence comes from lactating dairy cattle, grazing
studies demonstrate that chicory- and plantain-based diets can maintain production relative to
ryegrass—white clover, indicating their suitability for supporting post-weaning growth (Mangwe
et al., 2019; Mangwe et al., 2024). In addition, early exposure to diverse forage types has been
associated with improved growth trajectories, supporting the strategic use of herbs during the
post-weaning period (Zhang et al., 2024). Together, these findings suggest that integrating
chicory and plantain into ryegrass—white clover systems allows more flexible grazing
management to achieve heifer growth targets that support future milk production under New

Zealand pasture-based systems.

2.4.2 High-quality pasture with preferential grazing management

In New Zealand, preferential grazing management after weaning is primarily used to drive
compensatory growth in heifer calves that are behind their target growth path, with the long-term
objective of producing heifers that reach mating liveweight on time for reproductive
development and achieve optimal lifetime productivity (James, 2001; Mangwe et al., 2024).
DairyNZ (2012) guidelines recommend that heifers should reach approximately 30% of their
mature liveweight by six months of age, as early growth strongly influences the ability to achieve
mating targets later in life. Achieving this requires consistent access to high-quality feed and

careful pasture management, such as short grazing rotations that maintain pasture quality (Chen
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et al., 2016; DairyNZ, 2023b). Preferential strategies, including separate mob grazing or leader—
follower systems, enable lighter heifers to utilise energy more efficiently, increase ADG, and
progress along their growth trajectory before relocation off the milking platform (Thompson et
al., 2018).

High-quality pasture combined with supplementary feeding during the post-weaning period
supports rumen development and sustained growth, which is critical for effective compensatory
gain at this early stage (Arens, 2022). Post-weaning calves are selective grazers and respond well
to highly digestible forages such as leafy ryegrass, clover, chicory, or leafy turnips, which
enhance liveweight gain and support progression toward mating targets (Horadagoda et al.,
2009). Regular liveweight monitoring every four to six weeks allows timely adjustments to
feeding strategies or the inclusion of silage when pasture availability is limited, helping ensure
heifers remain on their target growth curve (Clark et al., 2001; Dewhurst et al., 2003b).
Maintaining pasture covers between 2,000 and 2,800 kg DM/ha further supports forage quality
and intake required for compensatory growth (Dodd et al., 2025). In addition, providing shelter,
clean water, and minimising stress during handling or environmental change supports optimal
growth efficiency and improves future reproductive and lactation performance in preferentially
grazed heifer calves (Chapman et al., 2025).

2.4.3 Post-weaning concentrate feeding

At the post-weaning stage, heifers primarily graze pasture as their main feed source; however,
during the transition to pasture-based systems, concentrate meal can be continued for a period or
reintroduced when pasture availability is limited due to seasonal conditions (McCoard et al.,
2024; Ockenden et al., 2025).

Post-weaning concentrate feeding has also been shown to influence growth performance.
Ockenden et al. (2025) reported that heifers offered higher levels of concentrate between 7 and
12 months of age (approximately 46 kg total intake) achieved target liveweights more quickly
compared with those on lower supplementation. In addition, animals that had received restricted
milk allowances during the pre-weaning period often required greater post-weaning concentrate
supplementation to maintain adequate growth rates. Similar patterns have been reported in
previous studies, where early-life nutritional restriction increased reliance on later concentrate

feeding to achieve growth targets (Craig et al., 2023; Muir et al., 2020).
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2.5 Effect of pre-and post- weaning nutrition on dairy cow lactation performance

2.5.1 Effect of pre-weaning nutrition on dairy cow lactation performance

Pre-weaning calf management, particularly nutritional intake and growth rate, plays a critical
role in determining post-weaning growth and lifetime milk production (Lohakare et al., 2012).
Calves provided with enhanced pre-weaning nutrition have been shown to produce 450-800 kg
more milk in their first lactation compared with restricted-fed calves (Verdon, 2021). These
long-term benefits indicate that optimizing pre-weaning nutrition is considered a key strategy for
improving herd productivity (Ballard et al., 2005; Drackley, 2008).

Several studies consistently demonstrate a strong positive relationship between pre-weaning
ADG and first-lactation milk yield (Jiang et al., 2025; Soberon et al., 2012a). Optimising ADG
during the pre-weaning phase represents a critical investment in the long-term productivity of
dairy heifers. Faster-growing calves before weaning produce substantially more milk, fat, and
protein during their first lactation than calves with restricted growth (Handcock et al., 2019; Van
Eetvelde et al., 2020). Enhanced nutrient intake during early life supports mammary gland
development and metabolic programming, which contributes to improved milk yield efficiency
later in life (Brown et al., 2005; Roche et al., 2015; Vang et al., 2024). Calves achieving higher
ADG (approximately 0.8-0.9 kg/day) had a greater 305-day milk yield during their first lactation
compared to slower-growing calves (Gelsinger et al., 2016).

Thompson et al. (2018) and DairyNZ (2023b) reported that greater milk supply to calves was
associated with earlier puberty, improved fertility, and higher first-lactation milk yield, with an
estimated increase of approximately 250-300 kg of milk for every 100 g/day increase in pre-
weaning average daily gain. Restricted milk allowances (about 4 L/day or once-a-day feeding)
encourage earlier starter feed intake but lead to slower growth, greater hunger behavior, and
long-term productivity losses (Back et al., 2016; DairyNZ 2024). While restricted systems
reduce short-term milk costs, the New Zealand research indicates they can limit the lifetime
performance potential of calves (Groenendijk, 2019). Recommendations for calf nutrition
increasingly support higher pre-weaning milk allowances to optimise both animal welfare and
future milk production (Cardoso et al., 2015; Khan et al., 2022; Rosenberger et al., 2016).
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Higher milk or milk-replacer feeding rates before weaning are associated with improved
subsequent milk production performance of heifer cows. For instance, calves receiving enhanced
pre-weaning nutrition have been reported to produce 450-1360 kg more milk in their later
lactation compared with restricted-fed calves (Verdon, 2021). These long-term benefits indicate
that optimising pre-weaning nutrition is a key strategy for improving herd productivity (Ballard
et al., 2005; Drackley et al., 2007).

Pre-weaning milk feeding management also influences post-weaning growth and feeding
behavior. Calves fed higher milk allowances before weaning generally exhibit more consistent
feed intake patterns and superior growth rates after weaning (Alimirzaei et al., 2020), while
calves subjected to nutritional restriction often display compensatory growth (Ford Jr & Park,
2001), characterised by increased grain intake and variable feeding behavior (Groenendijk et al.,
2020; Moonsan et al., 2022). Although some studies report no lasting differences in post-
weaning intake or efficiency (Leal et al., 2025), the overall evidence suggests that adequate pre-
weaning high milk allowance promotes more stable growth trajectories and improved long-term

performance.

Soberon and Van Amburgh (2017) demonstrated that calves fed a higher plane of nutrition pre-
weaning exhibited substantially greater growth and a marked increase in mammary parenchymal
(fat-free) tissue development compared with restricted-fed calves. This indicates that early-life
nutrient supply enhances the proliferation of mammary secretory tissue, thereby increasing the
structural capacity for milk synthesis in later life. Similarly, Meyer et al. (2006) reported that the
bovine mammary gland is highly sensitive to nutrient supply during the first weeks of life, a

critical developmental window characterised by rapid epithelial cell proliferation.

Collectively, these findings indicate that improved pre-weaning nutrition does not only affect
calf growth but also manage mammary gland development, leading to increased secretory tissue
mass. This structural advantage has been linked to improved lactational performance, with meta-
analyses reporting that calves receiving higher nutrient intake pre-weaning subsequently produce
greater milk yield in their first lactation, indicating a biologically meaningful carry-over effect on
lifetime productivity.

Vailati-Riboni et al. (2018) and Xiao et al. (2020) reported that higher pre-weaning average daily

gain is positively associated with increased milk yield in first lactation. However, this
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relationship is typically expressed per incremental increases in growth rate (e.g., per 100 g/day or
standard deviation increase in ADG) and reflects a biological association rather than a direct
linear conversion. The improved lactational performance is primarily attributed to enhanced
mammary parenchymal development and systemic growth during the pre-weaning phase.

Dairy industry guidelines highlight the importance of achieving steady growth during early life
stages to support healthy development and future productivity. In pasture-based systems in New
Zealand, heifers are managed to ensure they reach appropriate body size and maturity at key
stages such as weaning, mating, and before first calving. Maintaining consistent growth during
these periods is considered important for reproductive performance and lifetime milk production
potential (DairyNZ, 2023b). To support these findings, Handcock (2019) also observed that
achieving these milestones supports timely puberty, reproductive success, and subsequent milk
production. Furthermore, Zhang et al. (2024) reported that while post-weaning growth rates were
eventually similar, pre-weaning ADG remained positively correlated with energy-corrected milk

yield during the first lactation.

Overall, these findings highlight the importance of early-life milk feeding strategies in
determining physiological development and potentially influencing lifetime productivity in dairy

cattle.

2.5.2 Effect of post-weaning nutrition on dairy cow lactation performance

Milk production is impacted when New Zealand's replacement heifers do not reach target live
weights (Handcock et al. 2016; McNaughton & Lopdell, 2012). Therefore, it is important to
manage the post-weaning live weight target of heifer calves to increase long-term milk
production. According to previous studies, when dairy heifers are given two months of ad
libitum food after four months of limited allowance, they exhibit compensatory development
with a variable impact on milk production (Choi et al., 1997; Van Amburgh et al., 2019).
McNaughton & Lopdell (2013) reported that for heifers with a liveweight record between 18 and
21 months, every 1% increase in the percentage of target liveweight attained at this age was
associated with an additional =23 L milk in first lactation and ~24 L in second lactation. Roche
et al. (2015) found that increasing the growth of heifers (approximately 0.82 kg/day) at post-

weaning leads to a 16% increase in milk output and 9% and 2% increases in milk fat and protein
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yields (PY), respectively. These findings indicate that enhancing the lifetime productivity of

dairy cows can be achieved by optimising the post-weaning growth rate of heifers.

However, the biological basis for these responses appears to be how nutrients are partitioned
during the re-alimentation phase of cows’ mammary gland growth. Overfeeding following
restriction can stimulate compensatory mammary development (Kolver, 2003). This
enhancement in mammary development has been linked to an approximate 10% rise in milk
secretory capacity (Leduc et al., 2021) by increasing mammary cell numbers (greater DNA
yield) and metabolic activity (higher RNA- and protein-to-DNA ratios) (Jaswal et al., 2022).
Supporting this concept, Jin et al. (2004) and Stribling (2018) reported that stair-step or
restriction—re-feeding strategies often reduce the efficiency of energy utilisation for live-weight
gain during re-alimentation because nutrients are preferentially directed toward mammary cell

proliferation and activity rather than general body tissue accretion.

Overall, these results suggest that how heifers are fed after weaning has long-term consequences
for their milk-producing ability. Periods of restriction followed by re-feeding partition nutrients
toward mammary gland development rather than body growth, leading to greater secretory
capacity in later life. By managing post-weaning nutrition to support appropriate growth and
recovery, producers can improve future lactation performance, enhance cow vigor, and increase

lifetime productivity within the herd.
2.6 Cow milk yield and composition

Milk yield reflects the volume of milk produced, while the milk composition of cow milk is
identified as milk protein, milk fat, and milksolids (MS). The determination of milk components
is important in the dairy industry for identifying nutritional value and processing properties of
cow milk (Li, 2020).

Reported values for the major components of bovine milk show considerable variation across
studies. Table 2.3 provides an overview of the percentage ranges for key constituents, including
protein and fat, as reported in the New Zealand literature (Van der Zeijden, 2024).
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Table 2.3 Reported percentage range of major components of bovine milk, including protein and
fat, as described in the literature (Van der Zeijden, 2024).

Component  Reported Range (%)

Protein 25-4.7
Fat 3.2-56

New Zealand dairy cow milk yield and composition depend on several factors, including year of
milk production, lactation stages, and the type of breed is identified as a main factor affecting the
content of cow milk (Lee et al., 2014; Verdon, 2021).

2.6.1 Effect of parity on cow milk yield and milk composition

In the New Zealand dairy industry, parity, defined as the number of times a cow has calved, is a
key factor influencing both milk yield and milk composition. Milk production generally
increases with parity, typically peaking in the second or third lactation before declining in older
cows (Moreno-Génzalez et al., 2025). Milk yield is lowest in first-parity heifers, highest in
second and third lactation seasons, and then decreases again from the fourth lactation onward
(Bondan et al. 2018; Table 2.4). While milk composition percentages, fat, and protein % in milk
rise in later lactation seasons. This is partly because milk volume increases less rapidly,
concentrating the milk (Linn, 1988).

Table 2.4 Mean (z standard deviation) milk yield (L/cow/day), milk composition (fat, protein,

and total solids), and somatic cell score (SCS) by lactation number in dairy herds (Bondan et al.,
2018).

Lactation number Yield (L/cow/day) Fat (%) Protein (%) Total solids (%) SCS

1 239+7.72 3.47 +0.67 3.24+0.37 12.2+0.97 483+1.73
2-3 26.9+9.09 3.43+0.68  3.23+0.38 12.1+£0.98 531+1.72
>4 26.1 + 8.86 3.41+067  3.19+0.37 11.9+0.97 5.84+ 1.62

Milk yield increases in later parities are attributed to factors such as improved mammary gland
development, greater DMI due to larger body size, and enhanced metabolic efficiency in
multiparous cows (Auldist et al., 1997; Chisowa, 2023). Berry & Downing (2025) indicated that
first lactation season heifers produce 20-30% less milk than multiparous cows (>2nd lactation
season), as daily yields of approximately 25-34 kg/day for primiparous versus 33-47 kg/day for

multiparous, due to nutrient partitioning between growth and lactation.
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In New Zealand’s pasture-based systems, older cows are particularly efficient at converting
seasonal pasture growth into milk output. As an example, Friesian—Jersey crossbreds utilise
pasture more effectively as they age, resulting in increased production of milk fat and protein
(Lopez-Villalobos et al., 2021). DairyNZ (2014) also reported that genetic improvements and
better utilisation of pasture (Roach et al., 2016) have raised milksolids production by
approximately 23 kg per cow, largely due to the higher feed intake and conversion efficiency of
mature cows. Consequently, milk yield across lactation seasons often follows a curved

(quadratic) pattern, increasing with age before levelling off.

However, Wei et al. (2002) and Williams et al. (2022) indicated that the lactation season is
positively correlated with milk fat, protein, total solids, and somatic cell score (SCS), but
negatively correlated with milk yield. Bondan et al. (2018) further showed that while milk yield
fluctuates yearly in a generally quadratic pattern (Table 2.5), milk composition traits such as fat,
protein, and total solids display a more consistent upward trend over time, although year-to-year
variation occurs. Milksolids production typically peaks between the third and fifth lactation but
declines with further parity due to factors such as rising SCS, deteriorating udder health
(Mondini et al., 2025), and prolonged negative energy balance (DairyNZ, 2024; Lean et al.,
2023).

Protein content similarly increases with parity, although very high-parity cows may experience a
decline in protein levels due to negative energy balance and mobilisation of body reserves
(Rodriguez-Bermudez et al., 2023; Sabek et al., 2021).

Table 2.5 Mean (+ standard deviation) milk yield (L/cow/day), milk composition (fat, protein,
and total solids), and somatic cell score (SCS) by year in dairy cows. (Bondan et al., 2018).

Parity Milk Yield (L/cow/day) Fat (%) Protein (%) Total solids (%) SCS

2008 26.2+9.08 337065 3.18x0.38 11.9+0.94 4.95+2.01
2009 252+841 3.38+0.66 3.17+0.37 11.9+0.94 5.26 +1.87
2010 246+8.14 3.40+0.68 3.23+0.35 12.1+1.02 5.45 +1.61
2011 25.0%x8.21 350+£0.67 3.26+0.37 122+1.01 5.30 £1.61
2012  255+8.53 350+0.69 3.28+0.39 12.2+0.99 5.14 +1.70
2013  26.8 +8.63 3.52+0.67 3.24+0.38 12.2+0.95 519+ 1.58

Somatic cell score (SCS), however, increases progressively with lactation and with later stages

of lactation (Alhussien & Dang, 2018; Schutz et al., 1990), largely due to the gradual loss of
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milk-secreting epithelial cells and an increased likelihood of intramammary infection (Bondan et
al., 2018).

In contrast, Hagnestam-Nielsen et al. (2009) found that fat concentration tends to decline with
increasing lactation season, while protein concentration is often highest in first-parity heifers
compared with older cows, contributing to a linear decline in total solids with advancing parity.
The cumulative production of fat and protein increases with age, with heifers producing 0.47 kg
of fat and protein in their first lactation and 1.27 kg more across their first three lactations,
indicating that although percentages may vary, total output rises as cows mature (Archbold et al.,
2012; McNaughton & Lopdell, 2013).

Overall, lactation season strongly affects both milk yield and composition through a combination
of physiological development, nutrient partitioning, udder function, and the cow’s ability to

efficiently utilise pasture.

2.6.2 Stage of lactation on milk yield and composition

Both milk yield and milk composition are strongly influenced by the stage of lactation (Huhtanen
& Rinne, 2007) within the parity. According to the study of Bondan et al. (2018), higher milk
yield observed in early stages of lactation (between 6 and 60 days in milk (DIM)) gradually
decreases with the increase of days in milk (more than 220 DIM). Although milk yield shows a
negative effect with the stage of lactation, milk fat and protein show a positive effect with the
increase of days in milk (Auldist et al., 1998; Sanjayaranj et al., 2022a). As an example, cow
days in milk days between 61 and 120 identified the lowest fat and PY, while the highest was in
cows with over 200 DIM as indicate in Figure 2-3 (Hagnestam-Nielsen et al., 2009).

In the New Zealand pasture-based system, milk fat and protein contents follow similar patterns
within the parity by decreasing in early lactations and stabilising during most of the spring, after
which they increase quadratically as milk production declines and finally increase steeply in
autumn till the end of lactation in May—June (Chen et al., 2016; DairyNZ, 2020).
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Figure 2-3 Lactation curves illustrating changes in milk yield (kg), fat percentage, and protein
percentage over the lactation period in dairy cows (Hagnestam-Nielsen et al., 2009).

As lactation progresses, lower milk fat and protein were observed up to 50 days postpartum, with
a later gradual increase, with the largest values in late lactation. The same trend of milk fat and
protein shows in total solid concentration in cow milk with lactation progression, being highest
in cows with over 220 DIM (+0.34%), and lowest in cows between 61 and 120 DIM (-0.23%) as
shown in Table 2.6 (Bondan et al., 2018). However, Wei et al. (2002) reported that fat
concentration had a quadratic effect due to fluctuation of milk fat yield (FY) with the stage of
lactation due with some early stages of the day in milk show higher milk fat and then lower and
again higher concentration.

Table 2.6 Mean (z standard deviation) milk yield (L/cow/day), milk composition (fat, protein,

and total solids), and somatic cell score (SCS) at different stages of lactation in dairy cows
(Bondan et al., 2018).

Stage of lactation (days) Yield (L/cow/day) Fat (%) Protein (%) Total solids (%) SCS

6 to 60 29.4 £8.72 3.40 +0.65 3.05+0.36 11.9+0.93 4.79+1.90
61 to 120 29.2 + 8.66 330+066 3.03+£031 11.8+0.92 4.89+1.90
121 to 220 26.2 £8.01 340+066 3.18+0.32 12.0+0.94 521+1.75
>220 22.0+7.49 355+0.67 341+036 12.4+0.99 5.531.53

2.6.3 Breed effect on cow milk yield and composition

Milk composition and yield in New Zealand dairy cows are considerably influenced by breed,

with Holstein-Friesian (HF), Jersey (JE), and crossbred (HF x JE) animals displaying distinct

differences (Sanjayaranj et al., 2022b). These breed effects not only impact primary traits such as
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fat and protein concentration but also affect total milksolids, somatic cell count (SCC), and the
efficiency of milk for manufacturing value-added dairy products (Lim et al., 2020b; Sneddon et
al., 2014). Furthermore, Geary et al. (2010) indicated that breed-related differences in milk
composition lead to variations in milk yield and quality. Similarly, Garrick & Lopez-Villalobos
(2000) have shown that the economic value of milk also differs among breeds, reflecting their
milk production and composition characteristics. However, the type of breed in the New Zealand
dairy herd has shifted from Jersey toward Holstein-Friesian, through crossbreeding (DairyNZ,
2014; Macdonald et al., 2005b). Furthermore, Aikman et al. (2008) and Bleck et al. (2009) noted

that milk fat and protein levels differ widely among individual cows and between breeds.

Sneddon et al. (2015b) observed that breed effects on milk yield and milk composition traits of
New Zealand cow milk. From that study, they identified variation of milk yield and composition
by comparing different breed types as HF, JE, and their crossbreds, with similar lactation length.
To support that, Sneddon et al. (2016) confirm that higher milk output content in Holstein-
Friesians, while higher fat and protein percentages in Jerseys (fat percentage in Jersey milk
reaches 5.38%, markedly higher than Holstein-Friesian at 4.63% and HFxJ at 5.11% as shown in
Table 2.7). Crossbred cows have milk production and milk composition generally falling
between the two breeds (average milk yields 3122 kg for HF, 2947 kg for HFxJ crosses, and
2752 kg for Jersey cows, Table 2.7).

Similarly, in recent studies, Almeida et al. (2026) and Ormston et al. (2022) reported that
Holstein-Friesian, Jersey and crossbred (Holstein-Friesian x Jersey) cows’ milk yield and
composition traits (Table 2.7). Sneddon et al. (2015b) reported that Holstein-Friesian cows
produce the highest milk volume, Jersey cows produce concentrated milk with the highest fat
and protein concentrations, and crossbreds generally show intermediate performance for both
yield and composition. From that research, the author indicated that total protein yield is similar
between Holstein-Friesians and crossbreds, suggesting crossbreeding can help maintain protein

production.
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Table 2.7 Lactation performance and milk production traits, including milk yield, fat and protein

content, and somatic cell score (SCS) of Holstein-Friesian, Jersey, and Holstein-Friesian x Jersey

first-lactation heifers (Mean * SE).

Trait HF HF*JE JE Reference
Days in milk 212 +1.81 214+ 1.71 213+ 1.94

Milk yield 3121.8+483 2947.0+457 2751.6+51.7

(kg/cow/yr)

Fat yield 142.9 £2.25 149.9 £2.13 147.0 £2.41

(kg/cow/yr)

Protein yield 113.6 + 1.69 112.3+1.59 107.7 £ 1.80 Sneddon et al.,
(kg/cow/yr) 2016

Fat (%) in milk 4.63 £0.05 5.11 £0.05 5.38 £0.06

Protein (%) in milk 3.70£0.02 3.86 £0.02 3.97+0.02

Somatic cell score 5.89+0.09 5.92+0.09 5.87+0.11

(Log2 basis)

Days in milk 169 +1.07 169 +1.07 180+ 1.63

Milk Yield 21.3+1.02 20.5 £1.02 21.1+3.79

(kg/cow/day)

Fat Yield 0.81 £0.04 0.81 +£0.04 1.08 £0.23

(kg/cow/day) Almeida et al.,
Protein Yield 0.72+0.03 0.74 +£0.03 0.82+0.18 2026; Ormston
(kg/cow/day) et al., 2022
Fat (%)in milk 3.86 £0.13 4.18+0.13 5.12+0.12

Protein (%) in milk 3.46 £0.06 3.75+0.06 3.89+0.06

Somatic cell count 175.3+50.78 173.3+50.78 174+ 50.10

(x1000/ml milk)

However, the finding of Lembeye et al. (2015) reported that Holstein-Friesians produce the

highest milk yield, fat, and protein yield, while Jerseys and crossbreds maintain higher

milksolids under reduced milking frequency. Jersey cows significantly affect the types and

concentrations of fatty acids in milk compared with Holstein-Friesian cows (Kostovska et al.,

2024). For example, Sanjayaranj et al. (2024) indicated that Jerseys typically produce milk with
higher levels of beneficial unsaturated fatty acids, which enhance both nutritional and processing
qualities.

Many studies indicate that somatic cell count (SCC) differences mostly depend on udder health,
management, and milking system; it does not differ between breeds (Gutierrez, 1997; Malik et

al., 2018). However, Jersey cows have been observed to occasionally have lower SCC than

26



Holstein-Friesians, but crossbreds often show favourable heterosis effects (because they cross
two different breeds, e.g., HFXJE) that can marginally improve somatic cell count (SCC)
(Sneddon et al., 2016; Stocco et al., 2023). The HFxJE cows show positive heterosis effect for
production traits, particularly fat and protein yield, making crossbreds a balanced option for both
milk volume and solids, and an economically advantageous choice in New Zealand dairy
systems (Kok et al., 2022; Lembeye et al., 2015).

Therefore, crossbred cows offer the best overall balance for value and adaptability. Jersey cows
produce greater milk concentration with favorable processing qualities, while Holstein-Friesian
cows produce the most milk but with lower fat and protein percentages. Although somatic cell
count (SCC), variations are typically negligible, crossbreeding provides robustness in alternate

milking systems with their heterosis effects.

2.6.4 Other effects of the impact of cow milk yield, milk composition, and somatic cell count

Once-a-day (OAD) milking has important effects on milk yield, milk composition, and somatic
cell count (SCC) in dairy cows. Compared with twice-a-day milking, OAD milking generally
reduces milk yield by approximately 20-40%, mainly due to less frequent udder stimulation and
prolonged milk retention in the mammary gland, which suppresses milk secretion capacity
(DairyNZ, 2020). Despite the reduction in milk volume, OAD milking is commonly associated
with increased milk fat and protein concentrations, resulting in more energy-dense milk;
however, the daily yields of fat and protein per cow remain lower than those achieved with
twice-a-day milking (Clark et al., 2007; Rocha et al., 2017). In addition, somatic cell count
(SCC) or somatic cell score (SCS) is often higher in cows milked OAD, likely reflecting
increased udder distension and a mild inflammatory response caused by extended milk storage
(Martinez Rocha, 2017). Nevertheless, this increase in somatic cell count (SCC) does not
consistently correspond with a higher incidence of clinical mastitis, suggesting that elevated
somatic cell count (SCC) under OAD milking often represents subclinical inflammation rather

than overt udder disease (Rocha et al., 2017).

Seasonal effects create variability from year to year on the milk yield and composition of milk.
Due to extensive outdoor systems in New Zealand, there is an influence of season (winter,

summer, autumn (fall), and spring) on variation of milk production and its composition
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(Crawford et al., 1995). As an example, according to Bondan et al. (2018), autumn and winter
seasons identified the highest fat and protein concentration. Similarly, total solid concentration
was identified as the same in both seasons. However, milk yield is also higher in winter,
decreasing gradually in spring, summer, and fall (Bondan et al., 2018; DairyNZ, 2020).

In the winter season, temperate forage grasses provide a better nutrition balance for the cow diet
and cause an increase in milk yield with higher concentrations of fat, protein, and total solids
decreased linearly in the spring, fall, and summer (Bondan et al., 2018; DairyNZ, 2014).
Therefore, better milk yield with fat, protein, and total solids concentrations increase when cows

are fed digestible and nutritious forages, with a favorable season of the year.

There are several overseas research findings that show these seasonal effects on milk production
and milk components. Lambertz et al. (2014) and Lim et al. (2020a) reported that thermal
comfort also interferes with cows’ milk yield and composition. Therefore, in summer, cows
under thermal stress, milk yield, fat, and protein contents become lower, and somatic cell score
(SCS) levels are identified at a higher level, while the lowest somatic cell score (SCS) was
observed in spring in Germany. Support to these findings, previous research in the Netherlands
by Heck et al. (2009) discovered that because cows are fed a new grass-based diet in the
summer, the amount of fat in milk decreases compared to the preserved foods (such as silage or
hay) due to a higher concentration of trans-unsaturated fatty acids in summer grass diet than
preserved foods that are given to calves in winter season. According to the Australian findings,
cattle grazing chicory and ryegrass is better than cattle grazing a ryegrass-only diet for increasing
the concentration of milk fat and milk protein in autumn (Minneé et al., 2017; Muir et al., 2014).
Chicory/ white clover grazing cattle consumed more DM and produced more milk compared
with grazing a temperate grass-based diet (9.8 and 18.8 I/cow/day) in summer Australia
(Chapman et al., 2008).

Therefore, according to findings, during dry summers and autumn, plantains and chicory (herbs)
produce more feed with higher quality than perennial ryegrass (Muir et al., 2015). Similar milk
production is achieved when cows given herbs have to consume around 1 kg less DM per day
compared to those fed ryegrass alone (DairyNZ, 2018).

28



2.7 Research Objectives

2.7.1 Research gap:

Early-life nutrition and management, such as pre-weaning milk allowance and post-weaning
grazing, influence the growth and productivity of dairy heifers. Most previous studies have
focused on first-lactation performance, with limited information on how early-life nutritional
factors affect lifetime milk production and composition in pasture-based systems, particularly in
New Zealand.

Other factors that are known to influence milk production over the lifetime of the cow include its
breed, and there are also lactation season effects, which need to be considered alongside early

life nutrition.

To address this gap, this study investigated the effect of pre-weaning milk allowance and post-
weaning provision of pasture or crop and grazing management. The coinciding effects of breed
and lactation season are also assessed on the lifetime lactation performance of dairy cows in a

pasture-based system in New Zealand.

2.7.2 Objectives:

The objective of this study was to assess the lifetime performance of dairy cows that received
different pre-weaning and post-weaning nutritional treatments as calves born in either 2014 or
2015.

For the 2014-born calves, during the pre-weaning phase, calves received either a high milk
allowance of 3L of milk fed twice daily for one week, followed by 4L per feed twice daily until
weaning, or a low milk allowance of 2 L of milk fed twice daily until weaning. Following
weaning, they grazed either on pasture or on a forage crop, creating four treatment groups: High
Milk—Pasture (HMPA), High Milk—Crop (HMCR), Low Milk—Pasture (LMPA), and Low Milk—
Crop (LMCR).

For the 2015-born calves, treatments were based on pre- and post-weaning grazing management.
Calves were managed, rotationally grazed (RG), set stocked (SS) as a pre-weaning treatment,
and preferentially grazing group (PG) as a post-weaning treatment, received high-quality pasture,

and were supplemented with concentrate feed.
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The lifetime milk performance of both calf cohorts was evaluated across multiple lactations to

determine how early-life nutrition and grazing management influenced milk yield, milk

composition (fat, protein, and milksolids), and somatic cell score (SCS). The study aimed to

determine how these outcomes varied with breed (Holstein-Friesian, Jersey, and Crossbred) and
lactation seasons; 2016/17-2023/24 and 2017/18-2023/24 for the 2014-born and 2015-born

calves, respectively. Lactation curve analysis was used to assess milk yield, and milk

composition was assessed through analysis of herd test data.

2.7.3 Hypotheses:

a)

2014-born calves

It is hypothesised that dairy-breed heifer calves receiving a high pre-weaning milk
allowance and managed under pasture grazing after weaning will exhibit higher lifetime
milk yield, improved milk composition yield (fat, protein, milksolids), higher milk
component percentages, and lower somatic cell score (SCS) compared with calves

receiving a low pre-weaning milk allowance and managed under forage crop grazing.

. It is hypothesised that Holstein-Friesian cows will produce the highest lifetime milk

yield, Jersey cows will have higher milksolids concentration, and crossbred cows will
show superior overall performance for milk yield and quality, while somatic cell score

(SCS) will not be affected by breed type.

I11. It is hypothesised that lifetime milk yield and milk composition will be highest during

b)

mid-production seasons (2020/21-2021/22) and lower in earlier and later seasons, while

somatic cell score (SCS) will increase with advancing lactation seasons.

2015-born calves

It is hypothesised that dairy heifer calves managed under preferential grazing with high-
quality pasture and concentrate supplementation in the post-weaning stage will exhibit

higher lifetime milk yield, improved milk composition yield (fat, protein, milksolids),
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higher milk component percentages, and lower somatic cell score (SCS) compared with
calves managed under restricted systems such as set-stocking and rotational grazing in

the pre-weaning stage.

I1. It is hypothesised that Holstein-Friesian cows will produce the highest lifetime milk
yield, Jersey cows will have higher milksolids concentration, and crossbred cows will
show superior overall performance for milk yield and quality, while somatic cell score

(SCS) will not be affected by breed type.

I11. It is hypothesised that lifetime milk yield and milk composition will be highest during
mid-production seasons (2020/21-2021/22) and lower in earlier and later seasons, while

somatic cell score (SCS) will increase with advancing lactation seasons.
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CHAPTER 3: METHODOLOGY

This long-term study was conducted at Massey University’s Dairy Farm 1 in Palmerston North,
New Zealand, with approval from the Massey University Animal Ethics Committee (AEC14/68
and AEC15/46).

3.1 Study design

This study examined the pre- and post-weaning nutritional management of two cohorts of dairy
heifer calves on their long-term milk production and milk composition (fat, protein, milksolids,
and somatic cell count (SCC)). The first cohort was born in 2014, which had lactation seasons
from 2016/2017 to 2023/2024. The second group was born in 2015, which had lactation seasons
from 2017/2018 to 2023/2024.

3.2 Animals and treatment management

The dataset included a total of 104 heifer calves of Holstein Friesian, Jersey, Cross-bred, and
breeds of these; 54 were born in 2014, and 50 were born in 2015 (Table 3.1).

Table 3.1 Total number of calves used in the study by breed group: Holstein-Friesian (HF),
Jersey (JE), and Crossbred (XB) across the 2014-born and 2015-born calves.

Breed 2014-Born 2015-Born

HF 13 16
JE 06 14
XB 35 20

The 2014-born calves had a combination of pre- and post-weaning nutritional management.
Before weaning, calves received either a high milk allowance: 3 L of milk fed twice daily for one
week, then 4L per feed twice daily, or a low milk allowance: 2 L of milk fed twice daily. After
weaning, they grazed either an established pasture of perennial ryegrass (Lolium perenne L.) and
white clover (Trifolium repens L.) or on a forage crop of chicory (Cichorium intybus L.) and
plantain (Plantago lanceolata L.). These combinations created four treatment groups: High
Milk—Pasture (HMPA), High Milk—Crop (HMCR), Low Milk—Pasture (LMPA), and Low Milk—
Crop (LMCR).
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For the 2015-born calves, treatments differed in pre- and post-weaning grazing management.
Calves were managed in three treatment groups. Before weaning, calves were managed under
two different grazing systems: rotationally grazed and set stocked on a perennial ryegrass and
white clover pasture. After weaning, calves remained under either a rotational or set stocked
system but a subset of the calves from each system were allocated to preferential grazing system.
Calves were allocated to the PG group at weaning to ensure a balanced distribution of liveweight
and pre-weaning treatment across groups. The preferential grazing (PG) treatment was applied
to achieve a higher level of nutrition to encourage compensatory growth by providing a high-
quality perennial ryegrass (Lolium perenne L.) and white clover (Trifolium repens L.) pasture
(>10.5 MJME/kgDM), supplemented with concentrate feed. More details regarding PG

treatment can be found under the section ‘3.5.1.3’.

Each cohort (2014 and 2015) was considered separately for milk production, milk composition,
including somatic cell score (SCS) (presented as the log> somatic cell count) across their

lactation seasons.

Distribution of animals across the various treatment groups was shown in Table 3.2, reflecting
the different combinations of milk allowance and grazing management applied during the pre-
and post-weaning phases in each cohort.

Table 3.2 Number of calves in each treatment group, high and low milk allowance during the pre-
weaning phase, combined with pasture (ryegrass—clover mix) and crop (forage crop) grazing at the
post-weaning phase in the 2014-born calves. Set stocking and rotational grazing (SS and RG) as a
pre-weaning treatment and preferential grazing (PG) as a post-weaning treatment in the 2015-born
calves.

Treatment Group 2014-Born 2015-Born Total
High Milk — Crop (HMCR) 11 11
High Milk — Pasture (HMPA) 14 14
Low Milk — Crop (LMCR) 14 14
Low Milk — Pasture (LMPA) 15 15
Rotational Grazing (RG) 23 23
Set Stocking (SS) 17 17
Preferential grazing (PG) 10 10

3.3 Colostrum feeding of all calves

Calves were separated from their dams within 12 to 24 hours after birth, weighed, and

transferred to a calf-rearing shed. To ensure optimal passive immunity transfer, calves were fed

33



high-quality pooled colostrum sourced from cows at their first milking after calving. Colostrum

quality was ensured by assessing it for a Brix refractometry greater than or equal to 22%.

Each calf received approximately 10-12% of its birth body weight in colostrum within 24 hours
of being born, typically administered as two feedings (e.g., 2 litres twice daily) on the first day of
being in the calf rearing shed.

Calves that did not consume colostrum during the morning feeding when first coming into the
shed were assumed to have suckled from their dam. However, calves not drinking by the
afternoon feeding had colostrum administered via oesophageal tube feeder, ensuring the calf
received the full volume of high-quality colostrum. Oesophageal tube feeding was used to

guarantee colostrum intake in calves.

After the colostrum feeding in the first 24 hours, this was followed by pooled transition milk,
where milk offered to calves originated from colostrum collected during the first eight milking
(2-8 milking) after calving. Calves were fed 2 L of transition milk twice daily (0800 hours and

1530 hours) until 15-21 days of age, then transitioned to whole milk.

3.4 Feed management of 2014-born calves

3.4.1 High and low milk treatment

Calves were fed milk as described by Cardoso et al. (2015). Following the provision of the
colostrum and transition-milk feeding, calves were randomly assigned to one of two milk
allowance treatments for the pre-weaning phase, with allocation balanced for birth date, breed,

and liveweight breeding value. Calves were fed whole milk directly from the milk supply vat.

e (alves assigned to the high milk feeding group received 3 L of milk twice daily for one
week, after which the amount was increased to 4 L per feed, twice daily.

e Calves in the low milk feeding group were fed 2 L of milk twice daily.

When calves in both treatment groups were within 10 kg of the target weaning live weight, they
were combined into a single pre-weaning group and provided 4 L of milk, once daily until
weaning, which occurred when the calves reached a liveweight threshold of 100 kg for HF

calves, 90 kg for XB calves, or 80 kg for JE calves.
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Weighing was conducted at regular intervals (2 weeks) to monitor growth and adjust milk
allowances accordingly. Calves in both groups had ad libitum access to a 20% crude protein (CP)
meal until they entered the pre-weaning group. Once in the pre-weaning group, calves were
provided ad libitum access to a 16% CP meal.

3.4.2 Pasture and crop treatment

After weaning, the calves were moved from the shed to pasture. The calves from each of the high
and low milk pre-weaning treatments were split into either the post-weaning treatment of pasture
or crop from February 2015 through to April 2015. The pasture treatment consisted of a

perennial ryegrass (Lolium perenne L.) and white clover (Trifolium repens L.) or a forage crop of

chicory (Cichorium intybus L.) and plantain (Plantago lanceolata L.).

For this study, treatment groups were considered as combinations of pre-weaning milk feeding
and post-weaning forage treatment. Therefore, four treatment groups were evaluated: High
Milk—Pasture (HMPA, n=14), High Milk—Crop (HMCR, n=11), Low Milk—Pasture (LMPA,
n=15), and Low Milk—-Crop (LMCR, n=14).

3.5 Feed management of 2015-born calves

3.5.1 Calf feeding management

For the 2015 born calves prior to weaning they were managed as outlined in section 3.3 for their
colostrum intake, however at 3-4 weeks of age, depending on shed capacity, and were randomly
allocated to one of two grazing treatments: set stocking (SS; n=17), rotational grazing (RG;
n=23) and alongside this, whole milk fed at a rate of 3L per calf, twice a day. Grazing treatment
groups were balanced for breed and birth weight, and the calves remained on these treatments
until weaning. After weaning, they were allocated to PG with high-quality pasture and

supplementary concentrate feeding as described in the section 3.5.1.3.

Details on each treatment are described in detail below.

35



3.5.1.1 Set stocking treatment during the pre-weaning period

Under the set stocking system, calves are kept continuously in the same paddock until either four
weeks had passed or the pasture cover declines to about 2000 kg DM/ha. Calves remained for
around two weeks in each paddock, and the pasture cover at the time they were moved ranged
between approximately 2250 and 2021 kg DM/ha. This system allowed calves to graze

continuously on the same pasture until the pasture is depleted to a pre-defined threshold.

3.5.1.2 Rotational Grazing treatment during the pre-weaning period

In the rotational grazing system, calves were moved more frequently, specifically, three times
per week. The pasture maintained a pre-grazing pasture mass above 2500 kg DM/ha and a post-
grazing residual above 2300 kg DM/ha, ensuring a controlled grazing intensity that promoted

calves eating pasture of better quality and aims to optimise pasture intake.

3.5.1.3 Preferential grazing treatment during the post-weaning period

After weaning, heifers were allocated to 'Preferential grazing' as a post-weaning treatment. In
this study the Preferential grazing (PG) refers to the supplying a high-quality perennial ryegrass
(Lolium perenne L.) and white clover (Trifolium repens L.) pasture supplemented with
concentrate feed. PG treatment were given to the same animals that had previously been assigned
to rotational grazing and set stocking systems during the pre-weaning phase. Moreover, calves in
PG treatment after weaning had unrestricted access to those pastures, ensuring continuous
availability of high-quality forage. Grazing allocation was rotated regularly to maintain pasture
quality and ensure adequate forage availability. Supplementary concentrate feeding was also
provided under this grazing management system. Therefore, PG treatment in this study is a
distinct treatment compared to other treatments as it was applied as a higher nutritional

management strategy to ensure a balanced distribution of liveweight of calves after weaning.

3.6 Management of heifer calves from weaning to calving

Following weaning, all heifer calves were managed under a seasonal spring-calving, pasture-
based dairy production system typical of New Zealand, with animals grazed in groups according
to post weaning treatment as described above sections in 3.4 and 3.5. Throughout the rearing
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period, all heifers were managed under rotational grazing, with pasture allocation adjusted to
maintain herbage mass and quality within recommended ranges (pre-grazing herbage mass
within 1,300-1,600 kg DM/ha and post-grazing residuals of approximately 1,500-1,600 kg
DM/ha) to optimise intake and growth. Supplementary feeding (e.g., silage or concentrates) was
provided when pasture availability was limiting, particularly during periods of low pasture

growth, consistent with standard New Zealand dairy heifer management practices.

Liveweight was recorded regularly, and heifers were managed to achieve target weights for
mating at approximately 15 months of age, ensuring adequate body development for successful
conception and subsequent calving at approximately 24 months. Following successful mating,
pregnant heifers were grazed as a single management group, with feeding adjusted to meet
gestational nutritional requirements and to ensure appropriate body condition at calving. Heifers
entered the milking herd shortly before their expected calving date and followed the commercial
practices of Massey University Dairy farms and were managed as part of the main herd from

calving onwards.

During their first lactation, all animals were milked once daily (OAD) within a seasonal spring-
calving system and managed under low-input, pasture-based conditions, where pasture was the
primary feed source with limited supplementation as required. This system reflects common
industry practice in New Zealand, where OAD milking is used to reduce labour demand and
improve animal health and reproductive performance while maintaining acceptable production

levels.

3.7 Sampling of cows and data collection procedures (2014-born calves and 2015-born

calves)

3.7.1 Milk production data collection

Milk production data were obtained from regular herd tests recorded in the MINDA
(Management Information for Dairy Animals) database. The dataset included animal key, birth
identification number, breed, cohort, and lactation season starting from each cow’s first lactation
season either in the 2016/2017 for the 2014-born calves or 2017/2018 lactation season for the
2015-born calves, and continued up to the 2023/2024 dairy lactation season. The lactation
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records from each cow were first recorded in August of each lactation season through to May as
indicated in Table 3.3, a total of 2,185 herd test records were collected from the 2016/17 to
2023/24 lactation seasons for the 2014-born cows, while 1,731 herd test records were collected
from the 2017/18 to 2023/24 lactation seasons for the 2015-born cows.

Table 3.3 Number of herd-test records by cohort and dairy lactation seasons (2014-born calves;
2016/17-2023/24 lactation seasons and 2015-born calves; 2017/18-2023/24 lactation seasons)

2016/ 2017/ 2018/ 2019/ 2020/ 2021/ 2022/ 2023/ Total Number of
2017 2018 2019 2020 2021 2022 2023 2024  Herd Tests

2014-born calves 496 401 350 293 259 211 125 50 2185
2015-born calves 458 371 321 269 163 107 42 1731

The data from MINDA also included: animal key, birth ID (identification number), breed,
lactation season, cohort, treatment, calving date and days in milk, and milk yield (kg) and

composition data.

3.7.2 Milk yield (kg), milk composition, and somatic cell count monitoring

Milk yield (MY:; kg), fat yield (FY; kg), protein yield (PY; kg), milksolids (FY + PY) yield
(MSY; kg), fat percentage, protein percentage, milksolids percentage and somatic cell count
(SCC) data were recorded with month herd test at the morning milking session (once-a-day) of
each cow across lactation seasons, from 2016/2017 to 2023/2024 for 2014- born calves and from
2017/2018 to 2023/2024 for 2015-born calves.

3.8 Data cleaning and processing (2014-born calves and 2015-born calves)

To minimise errors in the data, a systematic data cleaning process was carried out. Records with
daily milk yield (kg) below 5 kg or above 28 kg were removed to exclude incomplete or
unusually high milking volume events. Lactation records greater than 305 days in milk and less
than 5 days in milk were also excluded, as extended lactations could affect production trends. In
addition, cows with only one herd-test record in a lactation season were removed as they did not

provide enough data for reliable analysis.

The number of heifers were the same in the 2014-born calves before and after data cleaning,

hence no individual animals were removed, while 121 herd-test records were deleted. However,
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in the 2015-born calves, two cows were excluded from the 2017/2018 lactation season due to

their having only one herd-test record, and 109 herd-test records were deleted.

Before data cleaning, 2,185 herd test records were available from the 2014-born calves, and
1,731 from the 2015-born calves. After the data cleaning, there are 2064 and 1622 herd test
records available, respectively (Table 3.4). Cleaned milk data recorded from each cohort were
used to analyse milk production, composition (including %), and somatic cell counts (SCC).

Table 3.4 Total number of lactation records by lactation season before and after data cleaning for
the 2014-born and 2015-born calves.

Lactation season 2014-Born (Before)  2014-Born (After)  2015-Born (Before)  2015-Born (After)

2016/2017 496 478 - -
2017/2018 401 379 458 445

2018/2019 350 339 371 365
2019/2020 293 276 321 291
2020/2021 259 235 269 237
2021/2022 211 200 163 146
2022/2023 125 114 107 97
2023/2024 50 43 42 41
Total 2,185 2,064 1,731 1,622

3.9 Cow numbers used in analyses per lactation season

As outlined in Table 3.5, the number of cows declined with the lactation season from 2016/2017
to 2023/2024 in both cohorts. From the 2014-born calves, there was an intake of 54 cows into the
2016/2017 lactation season; the number decreased to 6 cows in 2023/2024. For the 2015-born
calves, there was an intake of 50 cows into the 2017/2018 lactation season. The endpoint in
2023/2024 had only 5 cows.

Table 3.5 Number of cows per lactation season in the 2014-born and 2015-born calves

Lactation season 2014-Born 2015-Born

2016/2017 54 -

2017/2018 50 50
2018/2019 43 45
2019/2020 35 40
2020/2021 31 32
2021/2022 24 20
2022/2023 16 14
2023/2024 6 5
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3.10 Calculations and statistical analysis

Data were analysed in SAS (version 9.4, SAS Institute Inc., Cary, NC, USA) using generalised

linear and mixed models.

3.10.1 Random regression model (PROC MIXED) and lactation curve

Legendre polynomial terms (po—p4) Were generated to model lactation curves with days in milk.
Lactation curves were fitted individually for each cow and lactation, and the area under the curve
was integrated to obtain total lactation milk, fat, and protein yields. These total yield estimates
were then used as response variables in the statistical analyses described in Section 3.9.2 to
assess treatment effects. For each cohort, milk volume and milk components yield (kg) were
analysed using random regression models implemented in the PROC MIXED procedure.

The model included Legendre polynomial terms (po—p.) as fixed regressors to describe the
overall lactation curve between days in milk (x—axis) and milk volume (y—axis), while the cow
(birth_ID) was fitted as random effects with cow breed and treatment fitted as fixed effects to

account for individual variations in lactation shape.

Polynomials were calculated as:

X = -14+2 X (DIM - tmin) / (MaxDIM - tin)
Po=1
P1=xX
Py = % * (3x2-1)
P3 =1 * (5x3-3X)
P4 = 1/8 * (35x*-30x2+3)
Where DIM is the individual cow’s maximum day in milk, and tmin is the first day of milk

collection for processing (day 5).
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3.10.2 General Linear Model (PROC GLM) analyses

The effects of treatment, lactation season, and breed on milk yield (kg), milk composition (kg),
milk composition percentages, and average somatic cell score (SCS) were analysed using the
Generalise Linear Model procedure (PROC GLM).

Somatic cell count (SCC) was transformed to somatic cell score (SCS) to normalise the
distribution. Somatic cell score (SCS) was calculated on a log: basis using the following
equation:

SCS = log2(SCC / 1,000), and statistical analyses were performed using SAS software.

Each model included treatment, cohort, lactation season, and breed as fixed effects, along with
their associated two-way and three-way interactions. Fitting the lactation season adjusts for the
loss of animals between seasons that occurs due to reproductive success on-farm between

lactations.

Where appropriate, maximum DIM (dim_max) was included as a covariate to adjust for different

lactation length differences.

Least-squares means (LSMeans) were obtained for treatment, cohort, lactation season, and breed
combinations using the / pdiff stderr / lines options with standard errors for multiple comparison

adjustments. Significant differences were set at p < 0.05 among means.
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CHAPTER 4: RESULTS

4.1 2014-born calves

Table 4.1 summarises the statistical indicators (P-values) for the effects of treatments, lactation
season, treatment x lactation season interactions, and breed effects on milk yield (kg),

component yields (kg), milk composition percentages, and somatic cell score (SCS).

Treatment of the calf influenced milk yield (Table 4.1, P = 0.024) and SCS (P <0.001), but not
FY, PY, MSY, or milk composition traits (Table 4.1, P > 0.05) in adult cows. Lactation season
had a strong effect (P < 0.001) on all traits except milk yield. Statistics indicate that no treatment
x lactation season interactions were detected (P > 0.05). Breed effect also affected MY, FY, PY,
fat percentage, and protein percentage (P < 0.05), indicating breed differences in both milk
production and composition. Somatic cell score (SCS) was not affected (P = 0.116) by treatment
or lactation season interaction effect, while it is statistically influenced (P < 0.001) by treatment,
lactation season, and breed effects.

The statistics indicate that maximum DIM had a strong influence (Table 4.1, P < 0.001) on MY,
FY, PY, and MSY, and showed a tendency to affect SCS (P = 0.059).

Table 1.1 Summary of statistical significance (P-values) of the effects of breed [Holstein-Friesian,
Jersey, HFXJE Crossbred], pre and post weaning treatment [high or low milk allowance x pasture
or forage crop feeding], lactation season (2016/17 — 2023/24), and their interactions (treatment x
lactation season) on milk yield (MY kg), milk composition [fat yield (FY; kg), protein yield (PY;
kg), milksolids yield (MSY;; kg), fat%, protein%, milksolids%], and somatic cell score (SCS) for
the 2014-born calves.

MY (kg) FY (kg) PY (kg) MSY (kg) SCS Fat% Protein % Milksolids %

Treatment 0024 0130 0235 0426  <0.001 0.643 0.460 0.645
Lactationseason ~ 0.238  <0.001 <0.001  <0.001 <0001 <0.001  <0.001 <0.001
L;{:ﬁg?es’;;n 0588 0916  0.816 0.857 0116  0.928 0.755 0.873
Breed 0017 0002  <0.001 0134 <0001 <0001  0.001 0.071

DIM max <0001 <0.001 <0.001  <0.001 0059  0.499 0.910 0.730

dim max indicates the maximum days in milk. Records with dim > 305 were excluded from the dataset.
2Significant differences are indicated at P < 0.05.
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4.1.1 Calf management treatment effect on milk yield (kg) and composition

4.1.1.1 Milk yield (kg) and milk components yield (fat, protein, and milksolids; kg)

In the 2014-born calves (Table 4.2), milk yield differed between treatments (P < 0.05). The
HMPA treated group showed the highest milk production (3089 + 26.1, P < 0.05); compared
with HMCR and low milk treated group. Among all treatments, LMCR recorded the lowest yield
(2997 £ 25.9 kg, Table 4.2). Milk composition yield (kg) showed no differences among
treatments (P > 0.05, Table 4.2), indicating that treatment effects on milk composition were
limited. Fatyield, PY, and MSY did not differ with the treatments (P > 0.05).

4.1.1.2 Milk composition % and somatic cell score

Fat percentage, protein percentage, and milksolids percentage showed no difference (P > 0.05,
Table 4.2) among treatments.

Somatic cell score (SCS) differed among treatments, with HMPA and LMCR showing greater
values (6.9 £ 0.2 and 6.8 £ 0.2), whereas HMCR and LMPA had lower scores (5.9 £ 0.2 and 6.3
+ 0.2, P<0.05) (Table 4.2).
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Table 1.2 Values are presented as least-squares means + standard error of the mean (LSMEAN + SEM) for the pre and post weaning
treatment [High milk and pasture (HMPA), High milk and forage crop (HMCR), or Low milk and pasture (LMPA), Low milk and
forage crop (LMCR)] effect on milk yield (MY kg), milk composition [fat yield (FY; kg), protein yield (PY; kg), milksolids yield
(MSY; k), fat%, protein%, milksolids%], and somatic cell score across (SCS) for the 2014-born calves.

Treatment MY (kg) FY (kg) PY (kg) MSY (kg) SCS Fat % Protein % Milksolids %
HMCR 3067 £31.3> 207.5+6.4* 168.6+55" 360.1+13.9° 59+02° 6.6+02* 53+0.2° 11.9+04°
HMPA 3089 +£26.1* 210.6+5.3* 165.0+4.5* 370.5+11.6* 69+02* 6.7+£0.2* 53+£0.2° 12.0+0.3*
LMCR 2997 +£25.9° 203.5+52* 1553+44* 360.1+11.5* 68+0.2° 6.8+02* 52+0.2° 12.0+0.3*
LMPA 3081 £25.6° 202.2+52° 164.1+44* 3548+114* 63+02° 64+02° 52+0.2° 11.6 +0.3°

3 Different superscripts within a column represent values that are different (P < 0.05)
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4.1.2 Effect of lactation season on milk yield (kg) and composition

4.1.2.1 Milk yield (kg) and milk components yield (fat, protein, and milksolids; kQg)

This study results revealed that the milk yield did not differ across lactation seasons (P > 0.05),
showing (Table 4.3). However, the milk composition differed across the lactation seasons (P <
0.05), and all components increased from first lactation 2016/17, peaking in 4™ — 5" lactation
2020/21-2021/22, and declining thereafter (Table 4.3).

Fat yield increased from the lowest value in the 2016/17 lactation season (143.2 + 3.7 kg) to the
highest yield, as statistics indicate in the 2020/21 lactation season (247.8 + 4.7 kg; P < 0.05).
Protein yield followed the same trend, increasing from the lowest in 2016/17 (107.7 + 3.1 kg) to
the highest in 2020/21 lactation season (202.1 + 4.0 kg; P < 0.05). Milksolids yield also peaked
in 2020/21 (448.1 £+ 11.9 k), higher (P < 0.05) than most lactation seasons, while the lowest
occurred in 2016/17 (239.6 + 6.0 kg, Table 4.3).

4.1.2.2 Milk composition % and somatic cell score

Fat percentage increased from the first lactation, 4.6 + 0.1% in 2016/17, to a maximum of 8.1 +
0.2% in the 5th lactation (2020/21), before declining marginally, with 2019/20-2021/22 showing
similarly high values (P < 0.05). Protein percentage also peaked in 2020/21 (6.6 + 0.1%) and
remained high in 2021/22, with the lowest in 2016/17 (3.5 £ 0.1%). Likewise, milksolids
percentage reached its highest level in 2020/21, while being the lowest in 2016/17 (Table 4.3).

Somatic cell score (SCS) differed (P < 0.05) among lactation seasons, ranging from 5.7 £ 0.2 to
8.0 £ 0.5. SCS was generally lowest in the early calving lactation seasons and increased
progressively with higher lactation seasons, reaching the highest values in later lactation seasons
(2023/24, Table 4.3), indicating that older cows tended to have higher somatic cell counts (SCC).
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Table 1.3 Values are presented as least-squares means + standard error of the mean (LSMEAN = SEM) for the lactation seasonal
variation in milk yield (MY’; kg), milk composition [fat yield (FY; kg), protein yield (PY; kg), milksolids yield (MSY’; kg), fat%,
protein%, milksolids%], and somatic cell score across (SCS) across eight production lactation seasons (2016/17—-2023/24) for the
2014-born calves.

Lactation MY FY PY MSY SCS Fat Protein Milksolids
Season (kg) (kg) (kg) (kg) %o % %o
2016/17 3064 + 30.4° 143.2+3.7¢ 107.7+£3.1°¢ 239.6£6.0° 6.1+02% 46+0.1¢ 3.5+0.1¢ 8.0+02¢
2017/18 3076 +£31.0° 190.9 +£3.7¢ 149.1+3.24 327.6+9.34 5.7+0.2¢ 6.0+£0.1¢ 47+0.1¢ 10.7+0.3¢
2018/19 3019 +33.9° 218.3+4.0°¢ 172.3+£34¢ 388.5+10.1°¢ 5.8+ 0.2¢ 7.2+ 0.3b 57+0.1°¢ 129+0.3°
2019/20 3045 + 36.9° 2352 +43" 188.5+3.7" 4239+ 11.0° 6.1+02% 77+£02% 62+0.1° 14.0+0.32
2020/21 3035 +39.6° 247.8+£4.72 202.1+£4.0° 448.1+11.9° 6.1 £0.29 8.1+0.22 6.6+0.1% 14.7+0.3?
2021/22 3017 +44.5° 239.7+£5.3% 189.4+ 4.4° 431.34+13.3% 6.5+ 0.2% 8.0+02* 63+02® 143+0.4°2
2022/23 3172 + 54.5° 223.9 + 6.4% 177.9 &+ 5.4 403.2 + 18.3b 7.0+£0.3%  7.14+0.3° 5.6+0.2° 12.7+0.4°
2023/24 3175 +£90.0° 1942 +10.6¢ 153.0+9.0¢ 341.7 +£26.9% 8.0+05® 58404 4.6+0.3¢ 10.5+0.7°¢

abede Different superscripts within a column represent values that are different (P < 0.05)
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4.1.3 Interaction effect of calf management treatment and lactation season on milk yield
(kg) and composition

4.1.3.1 Milk yield (kg) and milk components yield (fat, protein, and milksolids; kg))

There was no interactions were detected between pre- and post-weaning nutritional management
(milk allowance x forage type) and lactation season for milk yield, FY, PY, MSY, or milk
composition traits (P > 0.05; Table 4.4).

Across lactation seasons, milk yield values for all treatment groups remained within a similar
range, with mean annual values generally between approximately 2,900 and 3,200 kg (Table
4.4). Inter-lactation season variation was observed numerically within each treatment; however,

no consistent differences between treatments across lactation seasons were detected.

Fat yield, PY, and MSY, no differences showed across lactation seasons within treatments; no
different in lactation season x treatment interactions were observed for any milk component
yield (P > 0.05; Table 4.4), indicating that the effects of pre- and post-weaning nutritional

management on milk component yields were consistent across lactation seasons.
4.1.3.2 Milk composition % and somatic cell score

Milk fat percentage, protein percentage, and milksolids percentage did not differ among
treatments across lactation seasons, and no lactation season x treatment interactions were
detected (P > 0.05; Table 4.4).

Somatic cell score (SCS) showed numerical variation across lactation seasons within treatments;
however there was no interaction between lactation season and nutritional management strategy
was detected (P > 0.05; Table 4.4).

Overall, numerical differences in milk yield, FY, PY, MSY, or milk composition traits and SCS
were observed across lactation seasons and treatments; there were no different (P > 0.05, Table

4.4) lactation season x treatment interactions detected in the 2014-born cows.



Table 1.4 Values are presented as least-squares means + standard error of the mean (LSMEAN x SEM) for the effect of pre- and post-weaning
nutritional management [High milk and pasture (HMPA), High milk and forage crop (HMCR), or Low milk and pasture (LMPA), Low milk and
forage crop (LMCR)] on milk yield (MY’ kg), milk composition traits [fat yield (FY; kg), protein yield (PY; kg), milksolids yield (MSY; kg), fat%,

protein%, milksolids%] and somatic cell score (SCS) across lactation seasons (2016/17-2023/24) for the 2014-born calves.

Lactation Season  Treatment MY (kg) FY (kg) PY (kg) MSY (kg) SCS Fat % Protein %  Milksolids %
HMCR 3034+67.0 136.5+8.3 102.3+6.4  2176+20.7 56+03 43+03 3.2+0.3 75+0.6
2016/17 HMPA 3105+585 1459+7.0 1044+54  2581+181 6.2+03 4903 3.6+0.2 8505
LMCR 2945+577  136.6+6.9 99.6+5.3 2422+178 62+03 4803 35+0.2 8305
LMPA 3088 +57.0 142.7+7.2 105.7+56 211.1+176 62+03 41+03 3.0+£0.2 7.1+0.5
HMCR 3141+69.8 194.0+8.7 1486+6.7 3121+216 52+03 57+03 43+0.3 10.0+£ 0.6
2017/18 HMPA 3008 +£60.7 186.1+75 136.9+58 297.3+188 6.3+03 58+03 42+0.2 10.0+0.5
LMCR 2995+62.7 186.3+7.5 1389+58 3327+194 56+03 64+03 48+0.2 11.2+£0.5
LMPA 3077+56.7 187.8+6.8 142.7+52 333.7+175 55+03 6.1+£0.3 47+0.2 10.8 £0.5
HMCR 3042+78.2  223.7+9.3 1743+72  399.4+2472 53+t04 74104 58+0.3 13.2+£0.7
2018/19 HMPA 2994 +616  2159+7.3 161.7+56 376.4+191 57+03 7203 54+0.2 125+0.5
LMCR 3018 +68.1  217.2+8.1 165.0+6.2 381.0+211 6.0+03 7203 55+0.3 12.7+£0.6
LMPA 2956 +62.9 205.4+75 1606+58 369.6+194 6.1+03 7.0+0.3 55+0.2 125+0.5
HMCR 2982+82.7  230.2+9.9 182.0+76  4159+256 57104 7804 6.2+0.3 14.0£0.7
2019/20 HMPA 3115+ 72.4 239.9+8.6 188.4+6.6  433.7+224 6.6+03 7.7x04 6.1+0.3 13.8+£0.6
LMCR 3009+71.4  229.6+85 1769+65 411.7+221 64103 7.7+04 59+0.3 13.6£0.6
LMPA 2987 +69.8  226.0+8.3 175.1+6.4 401.2+216 57+03 76+0.3 59+0.3 135+ 0.6
HMCR 2949+889 238.7+10.6 1939+8.1 436.0+275 52+04 81104 6.5+0.3 146 £0.7
2020/21 HMPA 3084+77.7 2489+93 199.6+7.1 4539+240 6.6+04 81+04 6.5+0.3 146+0.7
LMCR 2938+ 714  241.3%85 1839+6.5 427.1+221 63+03 81+04 6.2+0.3 14.3+0.6
LMPA 3074+79.0 243.8+9.4 197.0+72 4372+244 60+04 80+04 6.4+0.3 14.4+0.7
HMCR 2995+108 2405+13.0 184.0+10.0 427.7+337 55+05 81%05 6.2+04 14.4+0.9
2021/22 HMPA 3015+889 239.0+10.6 1839+8.1 429.2+275 69+04 80x04 6.2+0.3 142 +0.7
LMCR 3013+755 238.9+90 1786+6.9  420.7+233 72+04 80x04 6.0+£0.3 14.0+0.6
LMPA 2956 £89.1 226.5+ 10.6 180.7+82  4162+276 58+04 7.7+04 6.1+£0.3 13.9+0.7
HMCR 3210+214 2258+255 183.1+19.6 419.0+66.2 51+1.0 7.2%1.0 58+0.8 13.0+1.8
2022/23 HMPA 3218 +107 239.6 £12.9 181.8+99 4281+334 64+05 75+05 57104 13.2+0.9
LMCR 3067 +86.9 213.7+104 157.4+8.0 371.1+26.9 76+£04 7.0+£04 51+£0.3 12.1+0.7
LMPA 3183+96.6 217.0+115 1782+88 398.2+299 72+05 6.9+05 56+04 126 £0.8
HMCR 2983 +214 197.3+255 1529+196 3552+66.2 52+1.0 6.7%x1.0 52+0.8 119+1.8
2023/24 HMPA 3241 +151 211.3+18.0 1540+139 3642+469 81+07 65+07 47+0.6 11.2+£13
LMCR 2903+ 154 161.2+183 127.1+14.1 27091477 102+0.7 491038 3.8+0.6 8.6+1.3
LMPA 3623+214 2248+255 1782+196 397.7+663 65+1.0 6.2+1.0 48+0.8 11.0£1.8

! No interactions (P > 0.05) between milk allowances (high vs. low), pasture/crop type, and lactation season for milk yield, milk composition, and somatic cell

score were detected.
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4.1.4 Effect of breed on milk yield (kg) and composition

4.1.4.1 Milk yield (kg) and milk components yield (fat, protein, and milksolids; kQg)

In the 2014-born calves, milk yield varied among breeds (Table 4.5). The highest milk yield
(3125 £ 28.5 kg) was recorded in HF cows compared with JE and XB cows. Holstein-Friesian

and XB produced the same milk yield but were both greater than JE cows (P < 0.05)

In the 2014-born calves, FY, PY, and MSY differed (P < 0.05) among HF, JE, and XB cows
(Table 4.5). Crossbreds had the greatest FY (216.7 + 2.3 kg) and PY (173.1 = 1.8 kg) compared
with the other breeds, with HF (P < 0.05) showing intermediate PY (166.3 £ 5.1 kg) and JE the
lowest (139.1 + 4.0 kg).

4.1.4.2 Milk composition % and somatic cell score

Jerseys and XB had greater fat percentage (7.0 and 6.9%, respectively) than HF (6.5%, P<0.05).
Crossbreds had the highest protein percentage (5.5 + 0.1%), which was statistically higher (P <
0.05) than Jerseys (4.8 £ 0.2%) but similar to HF (5.3 + 0.1%). Milksolids percentage was not
different among breeds (Table 4.5).

Somatic cell score shows statistically higher (P < 0.05) in HF and JE cows compared to XB cows
(Table 4.5).
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Table 1.5 Values are presented as least-squares means + standard error of the mean (LSMEAN = SEM) for the breed differences
[Holstein-Friesian (HF), Jersey (JE), and Crossbred (XB)] in milk yield (MY kg), milk composition [fat yield (FY; kg), protein yield
(PY; kg), milksolids yield (MSY; kg), fat%, protein%, milksolids%], and somatic cell score (SCS) for the 2014-born calves.

Breed MY (kg) FY (kg) PY (kg) MSY (kqg) SCS Fat % Protein % Milksolids %
HF 3125 £ 28.5° 202.1+ 3.3 166.3+5.1°  373.8+19.1* 6.7+0.2® 65+0.1° 53+0.1° 11.9+0.52
JE 2937 + 44.4" 205.8+5.2° 139.1+4.0¢ 3458%+296* 7.0x0.3° 7.0+0.2¢ 48+0.2° 11.6 +0.82
XB 3077 £19.82 216.7 +2.3% 173.1+1.8% 382.7+12.9° 6.4+0.1° 6.9+£0.12 55+0.1° 12.5+0.32

a Different superscripts within a column represent values that are different (P < 0.05)
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4.2 2015-born calves

Estimated effect sizes for pre- and post-weaning treatments, lactation season, treatment x
lactation season interactions, and breed on milk yield, milk composition yield (FY, PY, and

MSY), fat, protein, and milksolids percentages, and SCS are presented in Table 4.6.

Pre- and Post-weaning treatment feeding as a heifer calf influenced milk yield (Table 4.6, P =
0.018) and PY (P =0.010), but did not affect FY, MSY, or milk composition traits (P > 0.05).
Lactation season had a strong effect on all yield and composition traits, including SCS (Table
4.6, P <0.001). There were no treatment x lactation season interactions (P > 0.05) for milk yield
and composition. Breed had effects on MY (P =0.032), PY (P = 0.012), and fat percentage
(Table 4.6, P = 0.006), indicating differences among breeds in both milk production and

composition.

The maximum days in milk as milking cows influenced on milk yield, FY, PY, and MSY (P <
0.001), but did not affect SCS or milk composition percentages (Table 4.6, P > 0.05).

Table 1.6 Summary of statistical significance (P-values) of the effects of breed [Holstein Friesian
, Jersey , Crossbred ], pre-weaning treatments: Rotational Grazing , Set Stocking and post weaning
treatment: Preferential Grazing, lactation season (2017/18 — 2023/24), and their interactions
(treatment x lactation season) on milk yield (MY kg), milk composition [fat yield (FY; kg),
protein yield (PY; kg), milksolids yield (MSY; kg), fat%, protein%, milksolids%], and somatic
cell score (SCS) for the 2015-born calves.

MY (kg) FY(kg) PY(kg) MSY (kg) SCS Fat% Protein%  Milksolids %

Treatment 0.018 0.108 0.010 0.135 0.862 0.093 0.053 0.081
Lactation season <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Treatment x

. 0.189 0.254 0.336 0.354 0.919 0.223 0.258 0.203
Lactation season

Breed 0.032 0.903 0.012 0.733 0.460 0.006 0.299 0.244

DIM max? <0.001 <0.001 <0.001 <0.001 0.924 0.474 0.748 0.791

!DIM max indicates the maximum days in milk. Records with dim > 305 were excluded from the dataset.
2Significant differences are indicated at P < 0.05.
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4.2.1 Calf management treatment effect on milk yield (kg) and composition

4.2.1.1 Milk yield (kg) and milk components yield (fat, protein, and milksolids; kg)

Milk yield for the 2015-born calves was different (P < 0.05) between treatments; the PG group
had a greater milk yield (3278 + 91.0 kg, P < 0.05) compared with calves reared under RG (2981
+ 71.1 kg) and SS (3008 * 85.0 kg) (Table 4.7) in the pre-weaning stage.

Fat yield was not different among treatments (P > 0.05). In contrast, protein yield was different
between treatments (P < 0.05), with PG producing the greatest protein yield, compared to the SS
and RG groups. Milksolids yield was not different between treatments (P > 0.05, Table 4.7).

4.2.1.2 Milk composition % and somatic cell score

Milk composition (fat, protein, and milksolids percentages) was not influenced (P > 0.05, Table
4.7) by treatment. Preferential grazing in post-weaning produced the greatest milk yield and

protein yield (P < 0.05), while all other composition traits were not different.

Somatic cell score was not different between calf management treatments (P > 0.05).
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Table 1.7 Values are presented as least-squares means + standard error of the mean (LSMEAN = SEM) for the pre-weaning treatment:
Rotational Grazing (RG), Set Stocking (SS) and post-weaning treatment: Preferential Grazing (PG) effect on milk (MY kg), fat (FY;
kg), protein (PY; kg), and milksolids yield (MSY:; kg), fat%, protein%, milksolids%, and somatic cell score across (SCS) for the 2015-

born calves.
Treatment MY (kg) FY (kg) PY (kg) MSY (kg) SCS Fat % Protein % Milksolids %
RG 2981 +71.1° 185.5+£5.22 143.4+£4.5° 329.0+10.5* 6.7+02* 6.3+0.2° 4.8+0.12 11.1£0.3?
SS 3008 + 85.0° 187.3 £6.2° 147.6 £5.4>  3280+12.5* 6.7+02* 62+0.2° 4.8+£0.2% 11.0 + 0.4
PG 3278 £91.0° 199.2 +£ 6.7 166.6 + 5.8 358.6+134* 65+03* 6.1+£0.2° 5.0+0.2° 11.1+0.4°

a Different superscripts within a column represent values that are different (P < 0.05)
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4.2.2 Lactation season effect on milk yield (kg) and composition

4.2.2.1 Milk yield (kg) and milk components yield (fat, protein, and milksolids; kQg)

Milk yield was different across lactation seasons (P < 0.05, Table 4.8) from 2017/18 to 2023/24
within the 2015-born calves. The greatest milk yield was recorded in 2022/23 (4356 + 175 kg),
which was greater than all other lactation seasons (P < 0.05). Milk yield in the remaining
lactation seasons was not different (P > 0.05; Table 4.8).

Fat yield, PY, and MSY were lowest in first lactation season (2017/18; fat: 148.0 + 5.2 kg;
protein: 113.7 + 4.6 kg; milksolids: 255.2 + 10.7 kg, Table 4.8) and increased steadily to peak
during the 4" to 6™ lactations (2020/21-2022/23), with the greatest yields recorded in 2020/21
(fat: 226.4 £ 7.1 kg; protein: 186.2 + 6.2 kg; milksolids: 412.8 + 14.6 kg, Table 4.8).

4.2.2.2 Milk composition % and somatic cell score

Fat, protein, and milksolids percentages increased from their lowest levels in the first lactation

season (2017/18) to statistically indicated higher values during mid-lactation (4"-5" seasons),

particularly in 2020/21-2021/22 (fat: 7.6 £ 0.2%; protein: 6.2 = 0.1%); solids: 13.7 + 0.3, Table
4.8), before declining in later seasons. Fat percentages were low in both 2017/18 and 2022/23,

with no difference between them (P > 0.05).

Somatic cell score also increased steadily across lactation seasons, rising from the lowest value
in 2017/18 (5.3 £ 0.2; P < 0.05, Table 4.8), to the highest level in 2023/24 (6.7 £ 0.6).
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Table 1.8 Values are presented as least-squares means + standard error of the mean (LSMEAN = SEM) for the lactation seasonal
variation in milk yield (MY kg), milk composition [fat yield (FY; kg), protein yield (PY; kg), milksolids yield (MSY; kg), fat%,
protein%, milksolids%], and somatic cell score across (SCS) across eight production lactation seasons (2017/18-2023/24) for the

2015-born calves.

Lactation Season MY (kg) FY (kg) PY (kg) MSY (kg) SCS Fat % Protein %  Milksolids %
2017/18 3051 +79.9° 148.0+5.2¢ 113.7+4.69  2552+10.7¢ 53+0.2* 47+029 3.6=+0.1° 84+0.2¢
2018/19 2979 +£90.2°  185.5+5.8" 1448+5.1¢ 330.7+12.1° 54+02° 62+02° 48=+0.1¢ 11.1+0.3¢
2019/20 2998 £96.6° 2103+6.4°% 169.7+£5.6®  369.1+13.0° 59+02° 6.9+02* 56+0.1* 12.5+0.3%
2020/21 2988 +177° 226.4+7.12 186.2+6.2° 412.8+14.6° 59+02° 7.6+02* 62+0.1° 13.7+0.3?
2021/22 2815+ 135° 210.0 £ 8.8* 167.3+£7.7% 378.0+18.1* 6.1+03%> 74+02® 59+0.2% 13.2+£0.2%
2022/23 4356 £175*  213.1+£114* 1745+10.0"° 387.8+23.6° 6.7+04°> 50+039 4.0+02% 9.0+0.5¢
2023/24 3032 +£278% 1893 +18.1% 1483 +15.9* 339.0+374® 6.7+0.6° 62+05° 49+04% 11.1+0.8%

abede Djfferent superscripts within a column represent values that are different (P < 0.05)
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4.2.3 Interaction effect of calf management treatment and lactation season on milk yield
(kg) and composition

4.2.3.1 Milk yield (kg) and milk components yield (fat, protein, and milksolids; kg)

There was no interaction between pre-weaning and post-weaning grazing treatments and
lactation season for milk yield or milk component yields (FY, PY, and MSY) in cows born in
2015 (P > 0.05; Table 4.9).

Milk yield and milk component yields did not differ across grazing treatments within each
lactation season from the first lactation season (2017/18) through to the seventh lactation season
(2023/24). Likewise, within each grazing treatment, milk yield and component yields did not

differ across lactation seasons (Table 4.9).

4.2.3.2 Milk composition % and somatic cell score

There was no interaction between grazing treatment and lactation season for milk composition

percentages (fat, protein, and milksolids percentage) or somatic cell score (P > 0.05; Table 4.9).

Milk composition percentages were statistically comparable among grazing treatments within
each lactation season, and no treatment x season interaction was detected across lactations.

Similarly, somatic cell score did not differ among grazing treatments across lactation seasons.
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Table 1.9 Values are presented as least-squares means + standard error of the mean (LSMEAN = SEM) for the effect of nutritional
management, pre-weaning: Rotational Grazing (RG), Set Stocking (SS), and post weaning: Preferential Grazing (PG)] on milk yield
(MY kg), milk composition traits [fat yield (FY; kg), protein yield (PY; kg), milksolids yield (MSY;; kg), fat%, protein%,
milksolids%] and somatic cell score (SCS) across lactation seasons (2017/18-2023/24) for the 2015-born calves.

Lactation Treatment MY FY PY MSY SCS Fat Protein Milksolids
Season (kg) (kg) (kg) (kg) %o %o %o
RG 2068 £ 107 145.1+75 1084+6.3 253.6+157 53+03 49+02 36+02 85+04
2017/18 SS 3043+ 124 144.6+9.0 113.5+7.6 2402+182 52403 45+02 35+02 80+04
PG 3201 £166 155.1+11.6 1202+9.8 27584244 54+04 49+03 3.7+03 8.6+0.5
RG 2929+ 136 186.7+9.5 1412+8.0 3283+200 57+03 64+03 48+02 11.2+0.5
2018/19 SS 2827 +£136 1753+95 137.9+£8.0 312.8+200 52+03 62+03 48+02 11.0+£0.5
PG 3287+162 199.3+11.3 158.6+9.6 359.5+23.8 53+04 62+03 49+02 11.0+0.5
RG 2932 £136 209.4+9.5 164.8+80 374.1+200 59+03 73+03 57+02 13.0+0.5
2019/20 SS 2803 +170 205.7+11.9 163.8+10.0 369.0+249 5.6+04 74+03 58+03 132+0.6
PG 3255+162 2162+12.0 181.2+10.1 360.0+239 6.0+04 6.1+03 51+02 11.2+0.5
RG 2833 +154 2153+10.8 171.24+9.1 387.1+22.7 58+04 7.7+03 6.1+02 13.7+0.5
2020/21 SS 3020 £209 238.0+14.6 196.9+123 434.7+30.7 6.1+£05 7.7+04 64+03 141+0.7
PG 3126 £171 232.7+12.0 192.9+10.1 427.1+£251 6.1+04 75+03 6.1+03 13.6+0.6
RG 2977 £197 2153+13.8 164.2+11.6 380.3+29.0 5.8+0.5 72+04 55+03 12.7+0.7
2021/22 SS 2971 £254 2343+17.8 188.1+150 421.8+374 65+0.6 7.8+0.5 62+04 14.1+0.8
PG 25724211 189.8+14.7 156.1+12.4 34794310 6.1+05 73+04 6.0+03 133+0.7
RG 3928 £238 2022+ 164 159.8+13.7 361.8+340 6.8+06 51+04 40+03 9.1+07
2022/23 SS 4513+302 231.5+£208 191.7+17.4 423.84+432 68+0.7 52+0.5 43+04 94409
PG 5226 £376 214.9+258 179.5+21.7 397.9+£53.7 63+09 44+07 35+05 79+12
RG 3053+299 168.5+20.9 131.8+17.6 301.9+439 65+0.7 56+06 44+04 10.1+1.0
2023/24 SS 3322 +513 257.3+359 207.6+30.2 4623+754 73+13 7.6+10 61+08 13.7+1.7
PG - - - - - - - -

! No interactions (P > 0.05) were statistically indicated between treatment and lactation season for milk yield, milk composition, or somatic cell score.
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4.2.4 Breed effect on milk yield (kg) and composition

4.2.4.1 Milk yield (kg) and milk components yield (fat, protein, and milksolids; kg)

In the 2015-born calves, milk yield (Table 4.10) was indicated to be higher (P < 0.05) in HF
cows (3407 + 83.7 kg) compared with both XB and JE cows. Jersey cows produced the lowest
yield (kg) (3067 £ 88.3 kg, P < 0.05, Table 4.10) than HF but not different (P > 0.05) from XB

COWS.

Among the three breeds, only protein yield was different. Holstein Friesian cows produced a
greater PY (168.8 + 4.8 kg; P < 0.05, Table 4.10), while JE cows had the lowest (148.1 + 5.1 kg);
JE and XB were not different. Fat yield and milksolids yield were not different (P > 0.05)
among the breeds.

4.2.4.2 Milk composition % and somatic cell score

Fat percentage was different among the breeds (P < 0.05, Table 4.10). Jersey cows had the
greatest fat percentage (6.7 + 0.2), followed by XB cows (6.3 + 0.1), while HF had the lowest
(5.9 £ 0.1). Protein, milksolids percentage, and SCS were not different among breeds (P > 0.05,
Table 4.10).
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Table 1.10 Values are presented as least-squares means * standard error of the mean (LSMEAN + SEM) for the breed differences
[Holstein-Friesian (HF), Jersey (JE), and Crossbred (XB)] in milk yield (MY kg), milk composition [fat yield (FY; kg), protein yield
(PY; kg), milksolids yield (MSY; kg), fat%, protein%, milksolids%], and somatic cell score (SCS) for the 2015-born calves.

Breed MY FY PY MSY SCS Fat Protein Milksolids
(kg) (kg) (kg) (kg) Yo Yo %
HF 3407 + 83.7° 199.1+£5.7* 168.8+4.8* 3659+£227* 69+02* 59+0.1¢ 50=+0.1* 11.1+0.5*
JE 3067 +88.3° 200.0 = 6.0* 148.1+5.1°  3463+18.5* 6.6+0.3* 6.7+02* 49+0.1° 11.6+04°
XB 3089 + 71.2° 1952 £4.8* 156.3+4.1°  3462+17.2* 65+02* 63+£0.1° 50=+£0.1*° 11.7£04°
abe Different superscripts within a column represent values that are different (P < 0.05)
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CHAPTER 5: DISCUSSION

The objective of this study was to evaluate the effects of early-life nutrition and calf grazing
management on the lifetime milk production and milk composition of dairy cows in a New
Zealand pasture-based system. The study assessed how different pre-weaning milk allowances
and post-weaning feeding or grazing strategies influenced milk yield, milk fat, protein,

milksolids, and somatic cell score (SCS) across multiple lactations.

Two cohorts of calves were evaluated, a 2014-born cohort that received either a high or low pre-
weaning milk allowance, followed by post-weaning grazing on either pasture or a forage crop,
creating four treatment groups: High-Milk Pasture (HMPA), High-Milk Crop (HMCR), Low-
Milk Pasture (LMPA), and Low-Milk Crop (LMCR). The 2015-born cohort was managed under
different grazing strategies, including rotational grazing (RG) and set stocking (SS) during pre-
weaning, with a preferential grazing group (PG) receiving high-quality pasture and supplemented

concentrate feeding at post-weaning.

Lifetime milk performance was analysed using herd test data across multiple lactation seasons
(2016/17-2023/24 for the 2014-born cohort and 2017/18-2023/24 for the 2015-born cohort). The
study further examined how milk yield and composition responses varied by breed (Holstein-
Friesian, Jersey, and Crossbred) and lactation season, with lactation curve analysis used to

characterise milk production patterns.

5.1 Calf management treatments, lactation season, and breed effect on milk yield (kg) and
composition in the 2014/15 and 2015/16 born calves

5.1.1 Calf management treatment effect

Across both cohorts, early-life nutrition and grazing management had an influence on lifetime
milk yield, whereas milk composition traits were comparatively stable. The LMCR calves from
the 2014-born cohort were associated with less milk yield, while from the 2015-born cohort,

those calves that were preferentially grazed had a greater lifetime milk yield.
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These findings indicate that greater nutrient intake during the pre-weaning phase, combined with
quality perennial ryegrass and white clover pasture, supports greater lifetime milk production. A
possible cause is that increased milk intake during early life enhances metabolic signalling and
nutrient availability during critical periods of mammary development, resulting in increased
secretory tissue capacity and higher milk yield in later lactations (Geiger et al., 2016; Soberon et
al., 2012a). Preferential grazing may also have promoted compensatory growth, where calves
provided with improved nutrition show faster growth and changes in hormonal signalling,
particularly insulin and insulin-like growth factor-1 (IGF-1). These hormones play an important
role in mammary gland development and may act as early-life signals that support greater milk

production capacity in later lactations (Capuco et al., 2003; Greenwood et al., 2005).

Conversely, the combination of low pre-weaning milk allowance and forage crop-based post-
weaning management resulted in the lowest lifetime milk yields, indicating a cumulative
nutritional constraint during early development that impacted milk production. Early-life energy
restriction has been shown to impair mammary gland development and delay rumen functional
maturity, reducing nutrient absorption and utilisation during the transition to solid feed (Soberon
et al., 2012b). When a low pre-weaning milk allowance is followed by prolonged exposure to
forage crop diets post-weaning, calves may experience compounded nutritional limitations that
restrict both early growth and post-weaning adaptation. Over time, these constraints can reduce
lifetime milk production potential by restricting metabolic capacity and mammary tissue
development (Leduc et al., 2021; Lu et al., 2020).

These long-term results contrast with short-term studies. For example, studies of Minneé et al.
(2017) reported that milksolids production was higher in lactating cows grazing chicory or
plantain compared with ryegrass and white clover pastures, when evaluated after two weeks of
diet exposure. However, the present study examined the effects of sustained post-weaning

management from early life through to first and subsequent lactations.

2015-born calves, managed under preferential post-weaning grazing, which was characterised by
access to high-quality pasture supplemented with concentrate feed, produced higher lifetime milk
and protein yield. This indicates a benefit of enhanced nutrient supply originating during the pre-

puberty growth phase and expressed across subsequent lactations (Bryant et al., 2013).
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Concentrate supplementation alongside pasture increases dry matter intake and metabolisable
energy supply, particularly when pasture quality or availability limits intake (Costigan et al.,
2025). Evidence from studies in growing grazing cattle and calves shows that such
supplementation improves growth rate and nutrient-use efficiency, supporting enhanced rumen
development and mammary tissue growth during early life (Cazzuli et al., 2023; Terler et al.,
2022).

In this study and in the New Zealand literature, grazing management systems such as rotational
grazing and set-stocking have been associated with variation in lifetime milk yield and protein
yield; however, these differences are largely driven by pasture availability, stocking rate, and
feed intake rather than the grazing system itself. As an example, New Zealand studies have
shown that higher stocking pressure can reduce herbage allowance, intake, and liveweight gain,
which may subsequently limit milk production potential later in life. (Doole & Romera, 2013).
Set-stocking limits pasture regrowth and intake through continuous grazing pressure, while
rotational grazing may still restrict daily herbage intake if pre-grazing pasture mass is inadequate
(Abrahamse et al., 2008; Rivero et al., 2019). Suboptimal nutrient supply of the pre-pubertal calf
can impair mammary parenchymal development and lactation persistency, leading to reduced

lifetime milk production and protein output (Bryant et al., 2013).

Despite clear treatment effects on milk volume and protein yield across both cohorts, milk fat
yield, total milksolids yield, and milk composition percentages were largely unaffected by calf
management treatments. This indicates that early-life nutrition and grazing management
primarily influence milk quantity rather than composition, because composition is regulated
differently, primarily by genetics, lactation stage, and current nutrition status rather than early
management strategies (Waldner et al., 2007). However, several previous studies found that
improved early-life nutrition increases total yields of milk components through increased milk
volume, while composition remains more strongly influenced by genetic and seasonal factors
(Kay et al., 2018; Lyons et al., 2013; Pratumsuwan, 1994).

Based on these findings, it is recommended that dairy farmers adopt higher planes of nutrition
during the pre-weaning period and ensure consistent, high-quality feed supply during the post-

weaning phase to optimise lifetime milk production. Providing adequate milk allowance to
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support early growth, followed by well-managed grazing systems with sufficient pasture
availability or strategic supplementation, is critical for achieving optimal developmental
outcomes. These recommendations are consistent with New Zealand industry guidelines, which
emphasise achieving target growth rates and maintaining adequate nutrition from birth through to
calving to support future productivity (DairyNZ, 2023b). International research also supports this
approach, demonstrating that improved pre-weaning nutrition and early growth are positively
associated with increased first-lactation milk yield and lifetime performance (Soberon et al.,
2012a; Van Amburgh et al., 2013). Therefore, management strategies that avoid nutritional
restriction during early life and ensure adequate feed supply throughout rearing are essential for

maximising milk yield potential in pasture-based dairy systems.

5.1.2 Lactation season effect

Across both the 2014- and 2015-born cohorts, lactation season had a stronger influence on milk
composition than on milk yield. Milk fat, protein, and total milksolids yield (MSY), along with
their percentages, increased from early lactations and peaked during the mid-production seasons,
particularly around the 5™ (2014-born) and 4" (2015-born), before declining in later seasons.
These trends reflect improved energy balance, greater dry matter intake, and enhanced mammary
gland efficiency as cows reach physiological maturity (Dahl et al., 2012; Timlin et al., 2021).
National benchmarks similarly indicate that mature cows contribute the greatest proportion of
milksolids production up to six or seven lactations (DairyNZ, 2023a). This highlights the
importance of maintaining cows in the herd beyond first lactation to maximise lifetime

productivity, provided health and reproductive performance are maintained.

However, the observed improvement in performance across lactations may also partly reflect
selection bias within the herd. Cows with lower productivity, poorer health, or reproductive
inefficiencies are more likely to be culled in early lactations, resulting in a progressively selected
population of higher-performing animals in later lactations. Studies have shown that cows
retained for multiple lactations already exhibit greater milk yield in their first lactation compared
with those culled early (Norman et al., 2007), indicating that culling decisions contribute to the
apparent increase in production with advancing parity. Therefore, the superior performance
observed in mid-lactation seasons likely reflects both physiological maturity and selective
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retention. From an industry perspective, this suggests that improving early-life management and
first-lactation performance could increase cow retention and enhance overall herd productivity

by allowing more animals to reach these high-performing mid-lactation stages.

In contrast, milk yield showed relatively little variation across lactation seasons or continued to
increase in later seasons, indicating that lactation season influenced milk composition more than
total milk volume. This stability in milk yield is consistent with New Zealand pasture-based
dairy systems, where synchronised calving, reliable pasture supply, and standardised
management help buffer seasonal and climatic variability and support consistent annual milk
production (Lopez-Villalobos et al., 2001; Macdonald et al., 2005a). The modest increase in milk
yield observed in later lactations likely reflects greater mammary development, increased feed
intake capacity, and reduced nutrient demands for growth in mature cows compared with first-
lactation animals (LIC, 2022). For farm management, this indicates that ensuring adequate
nutrition for first-lactation animals is critical, as these animals are still allocating nutrients toward

growth, which can limit milk production potential if feed supply is inadequate.

The decline in milk component yield and percentages in later lactation seasons across both
cohorts may be attributed to dilution effects associated with higher milk volume, as well as age-
related factors such as mammary tissue regression, declining pasture quality, seasonal heat stress,
and increased somatic cell counts (SCC) (Connolly et al., 2023; Moreno-Gonzalez et al., 2025).
While some studies report stable or increasing fat and protein percentages with advancing parity
(Hayes et al., 2023), the post-peak decline observed in this study suggests that environmental and
management factors may have exerted a stronger influence on milk composition than parity
alone (Cabezas-Garcia et al., 2021; Salfer et al., 2019).

From an industry perspective, these findings emphasise the importance of managing older cows
carefully to maintain productivity. Important decisions such as targeted supplementation,
maintaining pasture quality, and proactive udder health management are essential to minimise
declines in milk composition and extend productive herd life. Furthermore, higher milk
performance occurs during mid-lactation seasons, herd management strategies should aim to
maximise the number of cows reaching and sustaining these productive stages. This can be

achieved through improved heifer rearing, enhanced reproductive management, and reducing
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involuntary culling due to health or fertility issues. Collectively, these approaches align with
both New Zealand and international recommendations to optimise lifetime productivity by
supporting cows through early development, maintaining performance during peak years, and

managing decline in later lactations.

5.1.3 Breed effects

Across both the 2014- and 2015-born cohorts, breed influenced milk yield and milk composition
traits, indicating that genetic differences among HF, JE, and XB cows play a key role in
determining lifetime production performance. Holstein-Friesian cows consistently produced the
greatest milk volumes, JE cows produced milk with the greatest fat concentration, and XB cows
generally achieved a favourable balance between milk yield and milk component production.
This clear ranking strongly supports the hypothesis and aligns with the established breed pattern
of HF > XB > JE for milk yield (Curry et al., 2025; Sneddon et al., 2015b).

The strong performance of XB cows for milk yield, fat, and protein yield is consistent with
previous research demonstrating the effects of heterosis and complementary genetic effects when
high milk yield-producing HF and high milk composition-producing JE genetics are combined
(Coffey et al., 2016; Heins et al., 2011; Lopez-Villalobos et al., 2002). This suggests that
crossbreeding strategies can enhance not only milk production but also overall herd efficiency

and longevity, which are critical drivers of profitability in seasonal calving systems.

From an industry perspective, these findings have important implications for breed selection and
herd management. In pasture-based systems such as those in New Zealand, where milk payment
is largely based on milksolids rather than volume, selecting cows that optimise both yield and
composition is economically advantageous. Previous studies have shown that crossbred cows
often outperform pure breeds in terms of milksolids production per hectare and per unit of feed
consumed, due to improved feed conversion efficiency and reproductive performance (Lopez-
Villalobos et al., 2002; Horan et al., 2006). Therefore, farmers aiming to maximise both milk
yield and composition should consider maintaining or increasing the proportion of crossbred

animals within the herd.
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Holstein-Friesian cows remain a suitable option for systems prioritising high milk volume,
particularly where feed supply is abundant and consistent (Sneddon et al., 2015a). However,
their higher maintenance requirements and lower milk component concentrations may reduce
efficiency under feed-limited, pasture-based conditions (Horan et al., 2006). In contrast, Jersey
cows, with their higher fat concentration and lower body weight, may be advantageous in
systems where feed resources are constrained or where milk pricing strongly rewards fat yield
(Palladino et al., 2010).

Importantly, the results of this study suggest that no single breed is optimal under all conditions;
rather, the most effective strategy is to align breed choice with the production system, feed
availability, and economic drivers. For many New Zealand dairy farms, this means adopting a
crossbreeding approach that balances production, efficiency, and resilience. In addition,
maintaining genetic diversity through crossbreeding may improve herd adaptability to
environmental variability and reduce the risk of production losses under suboptimal conditions
(Lembeye et al., 2016).

From a management perspective, farmers should focus not only on breed selection but also on
supporting the genetic potential of animals through adequate nutrition, particularly during early
life and key production stages. Even high-genetic-merit animals will underperform if nutritional
requirements are not met. Therefore, integrating breed strategy with feeding management,
reproductive performance, and culling decisions is essential for maximising lifetime productivity

and profitability.

Overall, these findings indicate that strategic breed selection, particularly the use of crossbred
cows, combined with appropriate management, provides a practical pathway for improving both

milk yield and composition in pasture-based dairy systems.

e Somatic cell score:

Somatic cell score (SCS) is a log-transformed measure of somatic cell count (SCC) in this study,
which primarily reflects white blood cells (leukocytes) activity in response to udder
inflammation or infection and is widely used as an indicator of milk quality and udder health

(Green et al., 2008; Sharma et al., 2011). Elevated SCS is generally associated with reduced milk
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quality and productivity, although under New Zealand once-a-day (OAD) milking systems,
higher SCS values may also reflect physiological adaptation rather than compromised udder
health (Rocha et al., 2017; Winkelman et al., 2007).

Across both the 2014- and 2015-born cohorts, SCS increased progressively with advancing
lactation season, reaching the highest values in later seasons. This pattern is well documented and
reflects cumulative exposure to intramammary pathogens, age-related declines in teat canal
integrity, increased prevalence of subclinical infections (Riekerink et al., 2007), and the
concentration effect that occurs as milk volume declines later in lactation (DairyNZ, 2012; Green
et al., 2006; Hagnestam-Nielsen et al., 2009). Similar trends have been reported in New Zealand
OAD systems, where SCS typically rises with lactation season, and the highest values are observed
in late lactation (Muir et al., 2002; Rocha et al., 2017). Importantly, SCS values observed in this
study (approximately 5-10) fall within the range considered normal for healthy cows managed
under OAD milking, where elevated SCS often reflects higher numbers of white blood cells
entering the udder and adaptive inflammatory responses rather than clinical mastitis (Rocha et al.,
2017; Van der Zeijden et al., 2023).

The effects of calf nutritional management on somatic cell score (SCS) were inconsistent between
cohorts. While early-life nutritional treatments influenced SCS in the 2014-born cohort, no
corresponding effects were observed in the 2015-born cohort. This suggests that calf-rearing
strategies alone are not a reliable tool for consistently manipulating lifetime SCS. Instead, SCS
appears to be more strongly influenced by factors occurring later in life, including milking
management, environmental conditions, and udder health status (DairyNZ, 2024). Therefore,
while adequate early-life nutrition remains important for overall development, farmers should
prioritise effective mastitis control, hygiene, and herd health management to manage SCS at the

herd level.

Breed effects on SCS were inconsistent between cohorts. In the 2014-born cohort, JE exhibited
marginally greater SCS however, not statistically different than XB, with the HF being
intermediate. The 2015-born cohort had no breed differences. This has been observed in previous
New Zealand studies reporting only a marginally higher SCS in JE (Lembeye et al., 2016; Rocha
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et al., 2017), whereas Prendiville et al. (2010) reported not breed effect under pasture-based OAD

management.

Overall, somatic cell score (SCS) increased progressively across both cohorts with advancing
lactation season, while early-life nutrition and breed showed inconsistent effects on somatic cell
score (SCS) between cohorts; all observed values remained within healthy ranges for OAD

systems, indicating physiological adaptation rather than compromised udder health.
5.2 Limitations

This study has several limitations that should be considered when interpreting the findings.
Although the two cohorts were analysed separately, each cohort was still influenced by year-to-
year variation in climate, pasture growth, and farm conditions, which may have affected the
exact results of cow intake and milk performance. It this study, acknowledge that animal
numbers across treatments and time points were not explicitly reported in detail, which
represents a limitation of the study. Considering the relatively low number of animals per
treatment, this may have constrained statistical power and the robustness of treatment
comparisons. Future studies should ensure clearer reporting and, where possible, larger sample
sizes to strengthen inference. The study did not include detailed measurements of feed quality,
cow body condition, or metabolic and physiological indicators, which limits the ability to explain
why certain nutritional treatments led to differences in long-term milk yield or composition.
Because all animals were milked once a day, the results, especially the somatic cell score (SCS),
show higher values. Finally, the research was conducted on a single farm in New Zealand basis,
which provides controlled management but limits how widely the results can be applied across
commercial farms, stocking rates, and environmental conditions, and different grazing practices

in different countries.
5.3 Recommendations for future research

Future research should build on the limitations identified in this study by adopting more
comprehensive and multi-dimensional approaches to understanding the long-term effects of
early-life nutrition and management on dairy cow performance. Given that this study was

conducted on a single farm under once-a-day milking, future studies should evaluate similar calf
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nutritional strategies under different milking frequencies, including twice-a-day systems, to
determine how milking management interacts with early-life nutrition to influence milk yield,
composition, and somatic cell score. Research has shown that milking frequency can affect milk
production, udder health, and metabolic demand, and its interaction with early developmental

factors remains insufficiently explored.

To better understand the biological mechanisms underlying the observed treatment effects, future
studies should incorporate detailed measurements of metabolic and physiological indicators.
Monitoring parameters such as body condition score, blood metabolites (e.g., glucose, insulin,
and insulin-like growth factor-1), and mammary gland development would provide greater
insight into how early-life nutrition influences long-term production outcomes. Previous research
has demonstrated that early nutritional interventions can alter metabolic programming and
mammary tissue development, which are key determinants of milk production capacity in later
life. Including these measurements would allow a more mechanistic interpretation of results

rather than relying solely on production outcomes.

In addition, future studies should include detailed assessments of feed quality, pasture
composition, and actual feed intake. Variability in pasture quality and availability is a major
driver of animal performance in pasture-based systems, and the absence of these measurements
limits the ability to fully explain differences observed in this study. Quantifying these factors
would improve the accuracy of linking nutritional management to production responses and

allow for more precise recommendations for farmers.

Given the evidence of survivorship bias in this study, future research should also consider
experimental designs that account for culling and retention rates. Longitudinal studies that track
all animals from birth to culling, including reasons for removal, would provide a more accurate
representation of lifetime performance and reduce bias associated with selective retention of
high-performing cows. Incorporating survival analysis or modelling approaches could further

strengthen the interpretation of lifetime production data.

Furthermore, expanding research across multiple farms, regions, and environmental conditions is

essential to improve the generalisability of findings. Multi-farm and multi-year studies would

69



capture the variability in climate, pasture systems, and management practices that characterise
commercial dairy farming, particularly in pasture-based systems like those in New Zealand. Such
studies would help determine whether the relationships observed in this research are consistent

across different production environments.

Finally, future research should explore additional performance indicators beyond milk yield and
composition, including reproductive performance, health status, and longevity. Fertility, in
particular, is a key determinant of herd profitability and sustainability, and its interaction with
early-life nutrition and growth warrants further investigation. Integrating production,
reproduction, and health traits into a whole-system approach would provide a more
comprehensive understanding of how early-life management influences overall herd

performance.
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CHAPTER 6: CONCLUSION

This study shows that lifetime milk production and quality in New Zealand pasture-based dairy
systems are influenced by a combination of early-life nutrition, grazing management, breed, and
lactation season, rather than a single factor. The findings highlight that how calves are managed

early in life can have long-term effects on their future performance as dairy cows.

Providing good nutrition during the pre- and post-weaning stages was linked to higher lifetime
milk yield. Calves that received higher milk allowances and better-quality feed during early
growth produced more milk later in life. In particular, access to high-quality pasture and, where
needed, additional feed after weaning helped support better development during this important
growth period. This suggests that farmers should avoid nutritional restriction during early life
and aim for steady growth in young animals. Breed also had a clear effect on production.
Holstein-Friesian cows produced more milk, Jersey cows produced milk with higher fat content,
and crossbred cows showed a good balance between milk yield and milk quality. These results
suggest that crossbreeding can be a useful strategy in pasture-based systems, as it can improve
overall efficiency and performance. Farmers should choose breeds based on their farm system
and production goals, especially where milk payment is based on milksolids. Milk production
also changed across lactations. Cows generally performed best during the middle years of their
productive life, when they are fully grown and more efficient. However, performance in later
lactations can decline, and somatic cell score (SCS) may increase, which highlights the
importance of good herd health and management as cows age. The results also suggest that SCS
is not strongly controlled by early-life nutrition, but more by management practices during

lactation, such as milking hygiene and mastitis control.

Based on these findings, farmers can improve herd performance by focusing on several key
areas. First, they should provide good nutrition during calf rearing to support early growth and
future milk production. Second, maintaining high-quality pasture and using supplements when
needed can help improve development after weaning. Third, using crossbred cows may provide a
good balance between milk yield and milk composition in pasture-based systems. Finally, good
herd management, including reproduction, culling decisions, and udder health practices, is

essential to maintain performance throughout the cow’s life.
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Overall, this study shows that improving dairy production requires a whole-system approach. By
combining good calf rearing practices, appropriate breed selection, and strong herd management,
farmers can improve both milk yield and milk quality while supporting long-term herd

performance.
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APPENDICES:

e Overview of lactation curve trends

Milk production (kg) of adult cows was analysed using estimated 305-days in milk using lactation curves for two cohorts: cows born
in 2014 and cows born in 2015. These cohorts originated from calves that received defined pre- and post-weaning nutritional
supplementation. The 2014-born cohort was evaluated across the 2016/2017 to 2023/2024 lactation seasons, while the 2015-born

cohort was assessed from the 2017/2018 to 2023/2024 seasons. The estimated lactation curves for each lactation seasons in these

cohorts are presented in Figures 4-1 and 4-2, respectively.

Appendix 1: Lactation curves for 2014-born calves
305-days in milk lactation curves for milk yield (kg) for each lactation season. Each line one the graph represents a lactation curve for

Holstein-Friesian (HF), Jersey (JE), or Crossbred (XB) cows within the pre- and post-weaning treatments applied as calves hence:

high/low milk allowance as a pre weaning and crop and pasture grazing as a post weaning treatment (HMPA, HMCR, LMPA, and

LMCR) for 2014-born calves.
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Appendix 2: Lactation curves for 2015-born calves
305-days in milk lactation curves for milk yield (kg) for each lactation season. Each line within each graph represents a lactation curve

for Holstein-Friesian (HF), Jersey (JE), or Crossbred (XB) cows within the pre- and post-weaning treatments applied as calves hence:

set stocking (SS) and rotational grazing (R) in pre-weaning and preferential grazing as a post-weaning treatment for heifer calves born

in 2015.
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